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FORE_'ORD

This report in two parts, Volumes & and 5, constitutes a portion of the

final report documentation under National Aeronautics and Space Admini-

stration Contract NAS7-377. The study is summarized in Reference 1.

The Main Technical Report comprises Reference 1. The Main Technical

Repcr_ com;rises Reference 2. This and two ccmpanicn re;orts (Refs. _ &

L) present general engine da_a derived from the study which are organized

_o facilitate their incorporation into concurrent and sdbsequent a_ranced

systems studies.

Covered here are the Class 0 Ermines (Thlr_y-six in nu_nber) studied i:_

-he program's initial _hase. More complete s_udy results rela=in% ._

these engine conce_:s, inc!_din_ such areas as sucsvs_em _es_._.... _____-

off .... _=_ and overall "'_ .... _........... na_:sis. _re _ ................._ _,.,,.__ , _ .... 7 =/'_'S-4-_ ,-4 7. -4--_ iP. -:_ '_-''_

hcdy of -cb,e prcjec_ rotor-. (==-_-_ _)

This volume is one of seven comprising icc_&_e:t-atisn for Con-rat- ..... _ ---

"A Study of Composite Propulsion Systems for Advanced Launch V .......
A__plications." Its placement in the report series is indicated below:

Volume 1

Volume 2

Vo !_me 3

Vc l'_me

Volume 5

Volume 6

Volume 7

S,_m_.a_y Report

Main Technical Repor_ Par_ i

Main Technical Repcrt, Part 2

Class 0 Fac_ Sheets: Part i

Class 0 Fact Sheets, Part 2

Class 1 Engine inz_ormation

Class 2 Engine Information

- ii -
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PRE FAG E

This report comprises a major portion of the technical results of the Class 0

study phase of NASA Contract NAS7-377, "A Study of Composite Propulsion Sys-

tems for Advanced Launch Vehicle Applications". This phase of the program was

Task II (of four) of the contract work statement.

Composite cycle launch vehicle engines, as defined for this study, are single

integrated propulsion systems which are comprised of both rocket (liquid-

propellant) and airbreathing subsystems, e.g., prima_y bi-----prcpellantcombustors,

inlets. To date this type of powerplant has received __ttl_ _ystema_ study

wherein common ground rules are employed to judge the possible merits of the

large number of candidate engines.

The potential advantages offered by the more attractive composite systems in

advanced (reusable) vehicles include the following points: high payload per-

formance (exceeds the advanced rocket, roughly equals the turbomachine-type

airbreather), high operational flexibility across the reusable-cycle mission

profile, ease of development in terms of the indicated major facility require-

ment for competing pure-airbreathing engines (composite engines can be seg-

mented to fit existing or planned ground test facilities which provide high

simulated Mach number airflow capability).

It is the objective of the study to (1) appraise this potential for advanced,

reusable launch vehicle applications, and (2) provide technical guidance for

initiating possible research and development efforts directed toward the

ultimate creation of these systems. The study included consideration of both

single and multistage vehicles, for earth-orbit payload delivery. The study

concentrated on launch vehicles in the 1,O00,O00 pound gross weight class

which operate on hydrogen/oxygen propellants. In general, the study was

directed toward propulsion system first availability in the period 1975-1985

and full mission-cycle propulsion requirements from lift-off to landing was

considered. The principal performance criteria for engine ranking purposes

was payload-in-orbit to gross weight ratio. Other criteria were, however,

brought into play as appropriate.

Marquardt, prime contractor, Rocketdyne and Lockheed were associated in this

analytical and design study effort. The study extended over nine (9) months

with a final report (of which the present report is Volume _ of seven) submitted
_o dlsiribution in Febraa_j 1967.

- vii -
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INTRODUC TION

GEh_KKAL

Report

Order

This report is the first in a series of three, which specifically oresent

engine information derived from the NASA-contracted study, "A Study of

Composite Propulsion Systems for Advanced Launch Vehicle Applications"

(NAS7-377). The three reports (the other two are Refs. 3 and i) are associ-
ated -rlth the three chronological phases of the study and comprise vary_-ng

numbers of engine concepts and various degrees of technical penetration as

follows:

Technical

penetration
Associated

Study Phase

Number of

Ensines Included

Class 0 361

(This
Report)

Overall System Analysis

only, merformance on

three (3) reference tra-

Jectories based on

.......... "ideal" inlet, important

....... parameters "bracketed"

only.

Class i 12 Included subsystem con-

siderations, _erfo__nance

presented in map form,
based on realistic inlezs_

conceptual designs made,

important engine variables

exercised parametrically.

3 Class 2

(Ref.4)

Effect of var/ing subsystem

and component efficiencies

and operational points

assessed, performance maps
broadened and refined,

detailed conceptual desi_-r-s

rendered based on vehicle-

stipulated sizing parm/neters,

approaches for structu.--a!
and thermal design and engine

control investigated.

To this end the mresent repor-_ presents detailed working information on thirty-

six (36) engine concepts which were identified as the initial candidates to be

evaluated in the study.

The next section will briefly re,/_ew the two engine concepts. Also the scope

and content of this report will be summarized prior to the _;o major engine-

oriented sections of the document.
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CLASS 0 ENGINES

The Class 0 engine grouping comprises all of the candidate systems identi-

fied and initially ordered for processing in the study. Considerations

leading to this listing of thirty-six (36) engines are described in the

Main Technical Report (Ref. 2). This is summarized in the next paragraph.

As an initial study sub-task, all cc_posite engine types of potential

interest for launch vehicle application were identified, critically reviewed

and, as appropriate, placed into a general ordered format. Among others,

the following specific techniques were used to accomplish this objective:

. A quasi-morphological approach wherein (1) engine operating modes

and (2) engine hardware elements were used as a means to synthesize,

and then to analyze candidate composite engines.

2. A survey and critical reevaluation of previously identified

composite propulsion systems.

3. An attempt to invent new systems on a pragmatic, advanced launch

vehicle applications requirements basis.

Within the stated guidelines, in all, 36 engine concepts were identified

and included as Class 0 systems. The candidate systems are described below.

Figure 1 graphically represents these systems in terms of engine operating

mode over the vehicle flight propulsion profile. The numerical coding (0-36)

indicated on this figure is maintained throughout the study as basic descrip-

tors of the engines. As a note, Engine 0 is a "very advanced" all-rocket

system used as a baseline reference for Judging the effectivity of the com-

posite engine family. It is fully described in Reference 2. Figure 2 shows

a schematic representation for each of the thirty-slx Class 0 concepts.

CONTENT OF TKEFACT SKEETS

Engine Description

Each of the thirty-six (36) engines shorn in Figure 1 are further

described, and their performance and physical characteristics are

basically related in individual Fact Sheet sets contained in this

report. Special types of information given in the Fact Sheets are:

1. Listing of engine operating modes, and their in-flight progression

2. Propellant reqmlrements

, Listing of constituent engine subsystems, i.e., engine physical

make-up

k. Schematic diagram reflecting engine general arrangement and operation

o Basic (generalized) design parameters (e.g., rocket primary to

secondary air flow ratio, Ws/Wp)



rquaru ....o.,..,,,o,.,.
11 ,_,jA_/v_,,l/'/If _,

UNCLASSIFIED
Report 25 194

Voiun_ e 4.

Page 3

6. Block diagram depiction of each engine's operating modes

Not_.___e:Items from this point on are based on a specific engine thrust
size, 250,000 lbf. at sea level static conditions.

7. Weight and thrust/weight ratio data

8. Key engine flow areas and equivalent diameters

9. Engine lengths, typical

10. Specific impulse cur_es (net jet) for three fli@ht trajectories

from 0-8C00 ft/sec (for engines capable of supersonic combustion

ramjet modes, specific impulse is given for a single trajecto_j

from 8000-12,000 ft/sec).

ll. Thrust curves (net jet) corresponding to those conditions stated

in l0 above.

!2. inlet capture area schedule used in determ,ining the specific impulse

and thrust data (Items l0 and !i above).

13. Total engine air flo-_ for the capture area schedule given (Item !2

above).

l_.. Tabulated computer-derived engine data for points along the

reference trajectories for the 0-8000 ft/sec flight velocity range.

Twenty-four <24) parametric items are given for each trajectory

point calculated.

General Technical Information

Preceding the Fact Sheets, general technical data are provided upon

which the specific engine information was predicated. Typical items

given are:

i. Inlet pressure recovery schedule (MiI-E-5OO8B)

2. Reference trajectories (3)

3. General and specific examples of vehicle/engine pressure field

effects on air flo%- and capture area

2. General subsonic combustion ramjet specific impulse and thrust

coefficient data

j° General supersonic combustion ramjet specific impulse and thrust
coefficient data.

These cu_zes are discussed wlth respect to their applicability to the

engine performance information given in the Fact Sheets.

UNCLASSIFIED
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CANDIDATE COMPOSITE PRO

0

!

2

3

4

5

b

7

8

9

I0

II

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

51

32

33

34

35

36

CLASS 0 CANDIDATE ENGINES
(NAME & COOING)

Baseline Rocket, Very Advanced

Hy_erjet

HygerJet- Scram jet

Basic LACE

Recycled Basic LACE

Basic Air Augmented Rocket

Basic Air Augmented Rocket- Ramjet

Basic Air Augmented Rocket- Convertible Ramjet

Basic Air Augmented Rocket- SCRAM JET

Ejector Ramjet

.. ,_ •

Ejector SCRAM JET

Su_ercha_jed Ejector Ramjet

Su0ercharged Ejector SCRAM JET

Supercharged Basic Air Augmented Rocket

Supercharged Basic A;r Augmented Rocket- Ramjet

Sugercharged Basic Air Auo:mentedRocket-Convertible Ramjet

Sugerctlarged Basic Air Augmented Rocket- SCRAI_JET_

Air Augmented LACE- Ramjet

Air Augmented LACE- Convertible Ramjet

Recycled Air Augmented LACE- Ramjet

Recycted Air Augmented LACE-Convertible Ramjet

RamLACE

u

I

ScmmLACE

Recycled RamLACE

Recycled ScramLACE

5u_ercha_ed Air Augmented LACE- Ramjet

Supercharged Air Augmented LACE-Convertible Ramjet

Recycled Supercharged Air Auop_enL'=dLACE-RamJet

Recycled Sugercharged Air Augmented LACE- Convertible Ramjet

Suoercharged RamLACE

Su!oercharged ScramLACE

Recycled Suoemha_ed RamLACE

Recycled Su0ercharged Sc_mLACE

Augmenter LACE

Recycled Augmenter LACE

Air Au_ented Regenerative Monofuel Rocket- Ramjet

Air Au_ented Regenerative Monofuel Rocket- Convertible Ramjet

-ENGINE PROPULSION PHASES OVER THE MISSION PROFILE

FLIGHT VELOCITY (!000 FT/SEC;

6 12 18

r _ ......

I

W//////////////4

• ====

CONFIDE.
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]. Hyperjet

13 Sul_erchargeG Basic Air Augmented Rocket

COMPOS

2 Hyperjet- Scram Jet

19 RecTcled Air Aug_'ented LACE-Ramjet _0 Recycled Air Auqmente_ LACE-Convertilo_e Ramjet

25 Suoercha_ed Air Auqmented LACI_-RalrjeL 27





ITE ENGINES

ALUATED UNDER NAS 7-377

_.---

4 Rec'/cle_l Basic LACE _ _llsh: Ale AucFrented Roc_<et

J

,_ r

10 Ejector SCRAMJET

: _6 Su_rCna_e_ Basic Air _u_ente_l Rocket- SCRAM JET

6 _llslc Air Augmented Rocket- Ratchet

•= _, i

,?

].]. Suoercharged Ejector Ramjet ].2 S_oercP, arqed Ejector SCrAM JET

,... ,

__. _ _- .... / ;.." -.

17 AirAug,-_entecl LACE-Ramjet iB AIrAuqr_e_ea LACE-Conve_i_(e Rar"jet

\ " _ r-

22 ScrarrLACE 23 RecycledRa_LACE 24 RecycledScraw,LAC.c "

E-Rar'Jet 28 RecycledSuoercnargedAir Augme_tecl 29 Su_erchargeclRamLACE 30 Su_ercharqed_mLACE
LACE- ConvertibleRar_jet : "

.--___ ._--==== _ ..--=_-_._ ..._

" - ,-%"' .,_ :..-., ': _-"-,._'L:'&",':

• " , : " '_ " L: _ _ RecycledAucjr_e_terLACE 35 Air Au_ented RegenenWveMcnofue¢Roc_,et,-R=mleC . :' ; :.36 _/e _ment_ Re_ne.r_lv=MOna_el.
: " " . ' "" ":'. goc_,w.-C_ve_iSLe,i_t"-_,_:'_:: !". ..._ .- _,_ , , - . . , . . ...... . " ;.';; ,... ,. . ,.. ,. ..... . .

...... ,... __..., -" . • • . _, " , ' -.*- ",' . ,.:.' ,.- : .. " -:" ' . " ...... ". - *.--'-L".... --;.>_.......%'_::e_.".=

" .:"__:_ - : ',:" ".... '_':" .... "'"' _:". "'_;,::_"_."_'._:";""<:._ "-'*_. ; " -- " FI_'Ui'_: 2",.::; _"
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Introduction to Fact Sheet Format

For familiarization purposes, as well as to convey a number of

technical notes, annotated Fact Sheet forms (blanks) are presented

in order of their appearance in the engine information section.

Associated schematic legend information is introduced s!_nultanecusly.

Remarks and S._eclal _Totes

This section contains both general information relating tosuch things

as hey engine data were derived, guidelines and assumptions made in the

Class 0 study phase, etc. Also, special notes are provided which deal

with specific engines, operating modes and other specific technical areas.

References

A reasonably comprehensive set of references are provided for the Class C

engines. These are called out in the Fact Sheets as they specifically
relate to individual engines. The first four (4) references provide

information on the Composite Engine Study Frogram, itself.

UNCLASSIFIED
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DESCRIPTION OF FACT SHEET FORMAT

Following are presented annotated Fact Sheet format blanks and associ-

ated schematic legend information. By way of reader familiarization_

both the arrangement and content of the Fact Sheets are indicated.

Where applicable, brief descriptive notes have been added to establish

assumptions or constraints on the data to be given on the engine sheets.

Also, the foregoing general figures are cited in conjunction with
individual Fact Sheet items.

UNCLASSIFIED
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ENGINE FACT SHEET

Class 0 Composite Launch Vehicle Engines

Engine identification Number:._Code Number from 0-36, as given in Figure 1
Number of different operations available

Engine Operating Modes Number (maximum) of propulsion phases \
Summary: Number of Modes/Transitions__.__ ; Number of Discrete Modes Utilized _

Mode Progression - Lift-off to Touch-down

Relates the engine operating modes (e.g. Ramjet, supersonic

combustion) and the associated (approximate) transition velocities

or functions in the flight profile (e. g. Landing)

Engine Propellant Requirements -_ Indicates the internally stored propellant requirement

Code: (R) = Required, (%0 = Required for vacuum operation, (F) = Useable for flyback mode

I-1 Hydrogen, liquid, 37-40°R
1--IHydrogen, liquid, subcooled (25
[-7 Hydrogen, gaseous

[-7 Other

°R)
I--1Oxygen, liquid,162°R
[--! Oxygen, liquid, subcooled
I-1 Oxygen, gaseous

Engine Constituent Subsystems
m=--Lists the basic hardware items making up the engine

Engine General Arrangement and Operating Schematic
Simple line schematic reflecting nominal hardware arrangement with word

call-outs as required. A special legend is provided for differentiating inlets

capable of scramjet operation as opposed to subsonic combustion operation

only. Exit systems are similarly differentiated. Two types of basic heat

exchanger systems are reflected, the type using hydrogen partially recycled

to the tank containing subcooled hydrogen (slush), and the simple straight-

through, non-recycle type. This graphical legend is shown one the following

page. . .

LEGEND- ENGINE SCHEMATIC

inllt I [xl! Supersofli¢ Combustion

inlet I [*t_ SuOsonlc Combustion ilncludin 9 SuD/$uper Conversion) Pre¢ooler I Condenser 36"R H 2 Precoollt I Condenser Z_'R H 2

i a

m'_--"'t_lLET'--'_ Io..._(XIT._,-I_ _ 7EXIT"I_ IP_

, !

x2 _lce,e_ lie

- UNCLASSIFIED
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Eng. No.

Engine Internal Operating Parameters, nominal
Lists key engine sizing and operating parameters which are normalized

or otherwise size-independent (e. g., primary rocket combustion chamber

pressure). Where .2 engines (high mass flow ratio) parameters differ

from -i engines as given, the -2 numbers are included in parentheses.

Engine Operating Mode Block Diagrams

In flight-progression order, each• of the engine operating modes called

out on the first page (and shown in Fig. I) is depicted in block diagram

format. Flow of air, fuel, oxidizer and exhaust gasses are reflected

through the various primary components and subsystems. No nulnerical

data are presented, however. The special legend that applies to this

section is presented below.

LEGEND- ENGINE OPERATING MODE BLOCK DIAGRAM

Letter S_(mbols(WitMin Bloc_)

I Inlet Subsystem
H E Heat Exchanger
F Fan SuOsystem
R Rocket Subsystem

MC MixerlComfoustor _rMO MixertOilfuser

C Combustor jE Exit

Letter Symbols IFluids)

H Hydr_en
0 Oxygen
A Air
X Exhaust

GrapMical Syml_ls

Functioning Unit

I I
I _j

L_

I

I I

MixerlCombustor/Exit Subsystem

Non-functioning Unit

Fluicl Flow Direction

Fluid Flow Through a Non-functioning Unit

Flow IVlacMNumber > 1

Flow Mach Number <1

Flow Mach Number is _tM below and above ].

at cManging fligMt speed conditions
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Thrust,

Weight
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PHYSICAL

sis I_

and Thrust/Weight
Measuring Units i

Weight !
ThrusVWeight l

CHARACTERI STICS

250_000 Ibf

Ratio
(English)

Ibm

Ibf/Ibm

Report 25,194
Volurne 4

Page tO

Eng. No.

i_I12c055

(International)

kg
newton/kg

i

newton

Lightweight Estimate

Subsystems-

Fan

Heat Exchanger

Primary Rocket
Mixer/Diffuser
Combustor/Exit

Contingency
Uninstalled Eng. Wt.
Thrust/Weight, Uninst.
Inlet Weight

Installed Eng. Wt.
Thrust/,_/eight, Inst.

(Ibf/in 2) Maximum

so I zoo
I

Engir, e h-terr.al Pressure I000 (rewtor/m 2)
roll i=

;_0 2344.7 J 689.5 1723,7

I
This so-called lightweight estimate is based on assessing"

components and subsystems on an "advanced" state of the "

art basis. Brought into play were such materials as

beryllium and reinforced high temperature plastics.

Transpiration cooled structural panels were included.

HeavTweight Estimate

Uninstalled Eng. Wt.

Thrust/Weight, Uninst.
Inlet Weight
Installed Eng. "Wt.
ThrusVWeight, Inst.

, , .= ! =

m The "heavyweight" estimate is premised on relativelf _
near term or current state of the art. l%[aterials cur-

rently included in rocket and airbreathing engines only

were considered. Active cooling v._s limited to forced-

- convective (regenerative) type operation with fuel.
, I I II I I

Engine Flow Areas and Equivalent
Diameters

ft 2 ft m 2

See Fig. 13_

Inlet Cowl, A
c

M ixer, A 3

Combustor, A 4

Exit, A 6

REMARKS, REFERENCES

m

Engine Lencths

Uninstalled

Inlet (Typ)

Installed (Typ:

|1

ft m

UNCLASSIFIED



UNCLASSIFIED

SPECIFIC IMPULSE

REFERENCE TRAJECTORIES

Report 25 194
)

Volu_e 4

Page ii
• i i

EN G. NO.
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4000

,"s

--I

<D
g

i,
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L_J
m

2000

I000

8OO

6O0

4OO

200 °

Net Jet basis, with engine operation

...as indicated on second page (See Fig. 9)

Subsonic Combustion Ramjet Mode-
: ' :_'::" Operation 3000-8000 ff./sec

.... :: -'_: ,-:.::.. :, : .. unless otherwise indicated
........................... - -;:.1:: .... :::1C--:_ ::1::: I;T:.I .... :t:-" ......

"1 /.-:(IE._. " _ "........................... i "
..... -:_ i: .... :_.: :4_ ,: !_: :I : !i!_l-i-:!l: :!-_-E--'- ....... :

.... li:i i!-1 :!t !:[:: !1111:i . !:!i;!!!i_iiiii_::i!_;_--'--_<k!i:!:

I00

......... _ _ :'__._ L_...:. ":• !_.,_, __i_, ...-:--..::.
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k. _.. .... ,... , ....

I i.__t' _ _ _._ _ _.i , I:" ,I- :_ itr! !i

6.0 8.0

FLIGHT VELOCITY, I000 fps
I I I I I
0 0.5 1.0 1.5 2.0

!
2.5

FLIGHT VELOCITY, 1000 m/sec
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ENG. NO.

THRUST

REFERENCE TRAJECTORIES

4000

u_

o
3000

e-

Q

_2
m 2000

-r"

UJ
"-3

P" I000
LU
Z

0

i000

800

0
0

6oo
_2

e_

400
I--

Z

200

- 0

. [ : :, z ;

. :. :J : r .

! _ J, i : •

[_ _ :_ ! !

i_i il _

i!- '! _i ! ! F : ': ! :

Ramjet (subsonic combustion) mode

thrust does not include vehicle flow

field amplification benefits (Figs. _, 7)

unless so stated (See Fig.10)

;;_ _::: Subsonic Combustion Ramjet Mode_
:/:,_,_: ,; Opera{ion 3000-8000 ft/seC

unless otherwise indicated

0 2.0 4.0 6.0 8.0

I

0

FLIGHT VELOCITY, I000 h/sec

I I I I

0.5 1.0 1.5 2.0 2.5

FLIGHT VELOCITY, I000 m/sec
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ENG. NO.

CAPTURE AREA

REFERENCE TRAJECTORIES

C'M

i,i

i,i
e,-

I--
O.

tO

.l:l:
iii
e,,,
l--
c./'}
l.iJ
I,i

I.I.

20-

15-

I0-
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C-

_4
e,J
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C=
<

U_
C_

.4
CD

<
LU
C_

09
LO
UJ
o-
U.

200

150

I00

50

0 2.0 4.0 6.0

FLIGHT VELOCITY, lO00 ft/sec

I I I I I
0 0.5 1.0 1.5 2.0

FLIGHT VELOCITY, I000 m/sec

8.0

J
2.5
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EN G. NO.

AIRFLOW

REFERENCE TRAJECTORIES

4OO0

3OO0

2 2000

I000

I

8000

B

60O0

•
4000

2000

O- 0

...................i!
• , .... : " _ t :: , :, :- : "':i ,, " ,_ '

i, I ": ['" _ .i! .: i"i : _....

_: T.: .L L I " i. ' } [, 1, . ,,i

Total airflow {s given includin 6 that Liquefied

in liquefaction cycles. Vehicle flow field

amplification of airflow is not included.

0 2.0 4.0 6.0 8.0

FLIGHT VELOCITY, 1000 fps

I I I , I I , I

0 0.5 1.0 1.5 2.0 2.5

FLIGHT VELOCITY, I000 m/sec
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EN G. NO.
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4000
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0
m
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(21

2000

i000
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6OO

4OO

2OO

I00

i,

I-Supersonic Combustion Ramjet Mode
I

Net Jet basis, with engine operation

-- as indicated on second page. Vehicle

flow field effect on inlet contraction

-- :atio is considered, per Fig. 8 (See Fig. Ii) __

[

.... ' "_: " ..._ _:" T ............

:,-;.--"_T_ T:; _ _: _............................................

............. _-: _:_ : I :i:: . ! . ' _ ,.: .... , . .

:: -:: ' , .', ' :I:.: ....... " .;:: ....... : ..... :J; ....... I .... _:_:i"

,,. U., --L.,

._ J_'_,
.... !

8.0

......... i - "!

i I _ /

9.0 I0.0 II.0 12.0

FLIGHT VELOCITY, I000 fps

I I I I I
2.8 3.0 3.2 3.4 3.6

FLIGHT VELOCITY, I000 m/sec

I I
2.4 2.6

I
3.8
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EN G. NO.

THRUST

REFERENCE TRAJECTORIES

I000

4000

8OO

0 0
8.0

t

2.4

!

2.6

9.0

FLIGHT

i
2.8

FLIGHT

i0.0 II.0 12.0

VELOCITY, I000 ft/sec

I I I I
3.0 3.2 3.4 3.6

VELOCITY, I000 m/sec

I
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UNCLASSIFIED



rquaru_ ....o.,._.,,,o..,.

UNCLASSIFIED
Report 25,194

Volume 4

Pa_e 17 -

GENERAL TECHNICAL INFORMATION

Inlet Total Pressure Recove_

(Per Specification MIL-E-5OO8B)

Class 0 Engine performance was predicated on a free stream inlet total

pressure recovery schedule (MIL-E-5OO8B) given in Figure 3. As such,

a high performance variable geometry inlet is implied which is con-

sistent with the Class 0 guideline stipulating that the full cycle

performance potential be assessed.
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INLET TOTAL PRESSURE RECOVERY

(PER SPECIFICATION MIL-E-5OO8B)

FREESTREAM CONDITIONS

>-

Lg
>
O

UJ
,w

UJ

(n
¢/)
L=J

Q.

-J
<
k-
O
k-

I'-
UJ
--J
Z

1.0

0.8

0.6

0.4

0.2

0

0 2.0 4.0 6.0 8.0

FLIGHT MACH NUMBER, M
0
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Reference Trajectories
For

Evaluatin5 Class 0 Systems

Figures L and 5 provide the reference trajectories used for evaluating

Class 0 engine performance in the 0-8000 ft/sec and 8000/12,000 ft/sec

speed ranges, respectively.

Two of the three trajectories shown in Figure 4 (A and B) are premised

on constant dynamic pressure paths follcwed by constant inlet total

pressure lines for the assumed pressure recovery schedule (MIL-E-5OOSB).

Trajectory C was determined on the basis of being approximately a maxi-

mum payload, zero-lift rocket vehicle trajectoz'j. The vehicle was a

single-stage to orbit, "very advanced" state of the art engine system.

The trajectories were entered initially through either horizontal (HTO)

or vertical (VTO) take-off ascent l_ths as noted. All Class 0 engines'

specific impulse and thrust characteristics are given in the Fact

Sheets for each trajectory, thereby providing a performance sensitivity

index.

Class 0 engines capable of supersonic combustion ra_LJet mode (l_ engines)

were evaluated along the q = lO00 ib/ft 2 path given in Figure 5- T_.is

path, it may be noted, begins at the approximate end-point of Trajectory

A (Figure &).
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REFERENCE TRAJECTORIES FOR EVALUATING CLASS 0 SYSTEMS

Pt2 BASED ON MIL-E-5OO8B PRESSURE RECOVERY

¢/I
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,S
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E

0
0
0
,-4
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SELECTED ZERO-LIFT TRAJE
FOR ADVANCED SINGLE STAGE!
ALL-ROCKET VEHI(

1045

i ;:i

;_!:?iI:;: !i;I:

_*^ = 100 Ib/in 2

_(6-89 x 103 n/m 2)

= 250 Ib/in 2

'q = 1350 lb/ft 2

2.0 4.0 6.0 8.0

FLIGHT VELOCITY, 1000 fps

I I I I I
0.5 1.0 1.5 2.0 2.5

FLIGHT VELOCITY,' I000 m/sec

UNCLASSIFIED

F igure 4



rquam_ .....,...,o,.,.
II;IJNIV_N41"III%

UNCLASSIFIED
Report 25,194

Volume 4

Page Zl

REFERENCE TRAJECTORY FOR EVALUATING CLASS 0 SYSTEMS

q = 1000 Ib/ft2
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l
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FLIGHT VELOCITY, 1000 m/sec

Figure 5

_ UNCLASSIFIED



rquaror ....o.,,
ll.wk_lv_4r#J't

UNCLASSIFIED
Report Z5,194

Volume 4

Page 22

Vehicle Flow Field Effects

Vehicle body/wing supersonic and hypersonic flo_ field effects can

significantly benefit high speed engine operation. Figure 6 represents

the air flow increase (referenced to free stream operation) for an

engine operating within flow fields created by a two-dimensional wedge

at various angles of incidence.

In addition to air flow amplification (thrust multiplication) the local

Mach number at the engine inlet is significantly reduced. The resulting

reduction in the high speed inlet design point facilitates the achieve-

ment of a satisfactory aerodynamic design. It must be noted, however,

that the thermal design is still dictated by the free stream flight

velocity.

Following Figures 7 and 8 reflect typical flow field effects as evalu-

ated in the study for the 0-8000 and 8000-12,000 ft/sec flight velocity

regimes, respectively.

The availability of a necessarily large precompression body in the pro-

pellant tankage of typical hydrogen-fueled launch vehicles is a sig-
nificant factor. Judicious vehicle/engine integration should achieve

muc_ of the potential benefits of vehicle flow field utilization.
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AMPLIFICATION OF FREESTREAMAIR FLOW

AND PHYSICAL CAPTUREAREA BY VEHICLE FLOWFIELD

FF = FLOW FIELD
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Vehicle Flqw Field Effects

0-8000 ft/sec

The thrust multiplication factor due to the vehicle flow field is shown

in Figure 7 for the three Class 0 reference trajectories (Fig. &). The

pressure field was assumed to be two-dimensional (a good assumption for

the configuration studied). The thrust multiplication factor is then a

function of the flow deflection angle and Mach number, as shown in Figure

7; The total deflection angle was the sum of the angle of attack, a

and the pressure field generator ramp angle (in this case, 1.5 degrees).

The angle of attack was calculated using an assumed vehicle weigh%

history and the vehicle aerodynamic characteristics.

The effect of the vehicle pressure field on the engine specific impulse

is usually quite small and was not assessed in the Class 0 investigations.

It will be noted that Clams 0 engine performance for the 0-8000 ft/sec

operation (subsonic combustion ramjet mode to 8000 ft/sec), subsequently

to be presented in the fact sheets, does not include a vehicle flow

field effect (i.e., free stream data).
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VEHICLE FLOW FIELD EFFECTS
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Vehicle Flow Field Effects

8000-12_000 ft/sec

For the flight regime where supersonic combustion ramjet mode operation

is used, flow field effects assume a major role in efficient engine

operation. A parameter of prime importance is inlet (net) contraction

ratio which is the product of contraction within the physical cowl

(Ac/A2) and the vehicle body precompression ahead of the physical engine

cowl (,a_/.%).

Figure 8 reflects a typical two-dimensional flow field effect in terms

of capture area and air flow amplification. This factor is used to

increase the net inlet contraction ratio significantly above the physical

(cowl/minimum engine area ratio).

It will be noted that Class 0 engine performance in the supersonic com-

bustion mode (i.e., _ 8000 ft/sec) includes the flow field effect indi-

cated in Figure 8.
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VEHICLE FLOW FIELD EFFECTS

8000-12,000 ft/sec FLIGHT TRAJECTORY
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Subsonic Combustion Ramjet

Net Jet Specific !m_ulse

Specific impulse performance potential is provided in Figure 9 on a net

jet basis, as a function of flight condition for the subsonic combustion

ramjet mode.

This performance is based on stoichiometric combustion (subsonic) with

hydrogen fuel, MIL-E-5OO8B inlet performance, combustion and nozzle

efficiencies of 0.95 and 0.98, respectively. It is further stipulated

that the exit nozzle setting is varied to provide optimum expansion,

but cannot exceed the maximum capture area by more than a factor of 1.5.
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SUBSONIC COMBUSTION RAMJET
NET JET SPECIFIC IMPULSE
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Subsonic Combustion Ramjet Net Jet

Thrust Coefficient Based on

Free Stream Capture Area

Subsonic combustion ramjet mode thrust potential is reflected in the

curves of Figure lO. Thrust (net Jet) is the product of the value of

this coefficient at the flight path point of interest, the dynamic

pressure, and the inlet capture area.

This performance is based on stoichiometric combustion (subsonic) with

hydrogen fuel, MIL-E-5OO8B inlet performance, combustion and nozzle

efflciencles of 0.95 and 0.98, respectively. It is further stipulated

that the _xit nozzle setting is varied to provide optimum expansion,

but cannot exceed the maximum capture area by more than a factor of 1.5.
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Supersonic Combustion Ramjet

Net Jet Specific Impulse

Supersonic combustion ramjet mode specific impulse potential is provided,

on a net jet basis, in Figure ll as a function of total inlet contraction

ratio.

These performance data are based on stoichiometric combustion (supersonic)

of hydrogen, an inlet kinetic energy efficiency of 0.985, and exit expan-

sion-to-total capture area ratio of 1.5. Combustion efficiency and

nozzle efficiency are assumed as 0.95 and 0.98, respectively.
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SUPERSONIC COMBUSTION RAMJET SPECIFIC IMPULSE
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_: 1.0

'r/KE = 0.985

Aexit/A m = 1.5

q = 1000 Ib/ft 2

_N = 0.98

_7 = 0.95
c

3000

o0

2600

_" 2200
6'3
..I

¢.)
,'7 1800
L.)
ILl

09

k-
LU
--_ 1400

L_
Z

I000
2 4 6 8 I0

INLET TOTAL CONTRACTION RATIOa Aoo/A3

Figure 11



rquarur ....o.,.:.,,,o....

UNCLASSIFIED
Report 25,194

Volume 4

Page 34

Supersonic Combustion Ramjet Net Jet

Thrust Coefficient Based On

Free Stream Ca wture Area

Supersonic combustion ramjet mode thrust potential (CF) is reflected

as a function of total inlet contraction ratio in Figure 12. These

data are for a dynamic pressure of lO00 lb/ft 2 corresponding to the

flight path of Figure 5. The total inlet contraction ratio (abcissa)

is derived as a product of the physical co_l-to-combustor contraction

ratio and the flow field amplification factor given in Figure 8.

These performance data are based on stoichiometric combustion (supersonic)

of hydrogen, an inlet kinetic energy efficiency of 0.985, and exit expan-

sion-to-total capture area ratio of 1.5. Combustion efficiency and

nozzle efficiency are assumed as 0.95 and 0.983 respectively.
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SUPERSONIC COMBUSTION RAMJET NET JET SPECIFIC IMPULSE

BASED ON FREESTREAM CAPTURE AREA

HYDROGEN FUEL
@=I0

T/KE = 0.985

Aexit/A M = 1.5

q = I000 Ib/ft2

UN= 0.98

=0.95

8
<
i,

mm

F-
Z
W
m

CD
m

U.
U.
ILl
O
C.)

O0

ew
-'I--

W-
UJ

UJ
Z

0.6

0.5

0.4

0.3

0.2

0.i
2 4 6 8 I0

INLET TOTAL CONTRACTION RATIO, Ac_/A 3

Figure12



Report 25 194

Volume ,I

Page 37

INSTALLED ENGINE STATION NOMENCLATURE

A
C

_/W/W//

FLOW FIELD i

INLET

• SHOCK

A2 A3' A4

A3 A5

L
COMBUSTOR

=iMIXER/DIFFUSER _ EXIT
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_CHAMBER ASSEMBLY

_._-FUEL INJECTOR

I A (PRIMARY EXIT AREAl
P

A6 A5'

FOR CONSTANT AREA MIXER A2 + Ap = A_

FOR CONSTANT AREA COMBUSTOR A3'= A4

Figure 13

Engine Flow Area Station Nomenclature

Figure 12 presents the standardized nomenclature used in the composite

engine study. Reflected in the engine are the several thermodynamically

significant flow stations. Further, possible vehicle insta/_lation effects
are shown in (1) the inlet flow field geometry (see Fig. 5), and (2) the

"post engine" further exit expansion which can take place on the vehicle

surface adjacent to the engine nozzle. See also the nomenclature listing

provided at the end of this section.
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Flight Velocit_/Mach Number/Altitude

Correlation Curve

Although the basic engine performance information presented in this

report is given on the basis of flight velocity (ft/sec, m/sec), much

of the general information, as well as intermediate computations_ is

most conveniently stated in terms of Mach number. Figure l& has been

prepared to assist in approximate coversion of these velocity terms.
The altitude ordinate is extended to the terminal point of the 8000-

12,000 ft/sec reference trajectory (to be introduced)_ i_0,000 ft.
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FLIGHT VELOCITY/MACHNUMBER/ALTITUDECORRELATIONCURVE

U. S. STANDARD ATMOSPHERE, 1962
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REMARKS AND SPECIAL NOTES

This section consists of both general remarks and special notes, appli-

cable to a single engine, for example. In most cases, these items have

been otherwise posted in one of the following places:

(i) On the blank Fact Sheet forms provided for familiarization purposes

(Dreceding).

(2) At appropriate locations on the individual Fact Sheets, e.g., on

the performance curves.

(3) In the "Remarks, References" section, page 6 of the individual

Fact Sheets.

Following, then, are remarks and special notes in which the subject area

is flagged via underlining in each case.

i. Low and High Flow Ratio Engines are presented in certain instances.

Flow ratio, air-to-primary rocket mass flow, at sea level static con-

ditions is an important engine design parameter. Low flow ratio designs

(typically 1.5:l) are signified by -1, and high flow ratio designs

(typicaD_ly 3.0:1) are signified by -2, following the engine number.

For example, Engine 9-1 is a low flow ratio Ejector Ramjet cycle system.

2. Secondar_AirFlow I ulottedvis _vis data tabulations--An irregu-
larity exists relative to the numerical data shown for secondary air

mass flow rate (Ws) and capture area (Ao). As plotted on the curves,

total engine flow and required capture area are given. As listed in

the data print-out, mixer or combustor flow and the corresponding area

only are given; air liquefied in applicable engines is not included.

3. Internal Engine Efficiencies are, unless otherwise indicated, as
follows:

Mixing Efficiency, _M = 0.80

Combustion Efficiency (primary and secondary),

Nozzle Efficiency (energy, not velocity basis),

UNCLASSIFIED
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. Rec_rcle Time Limit for vehicles employing subeooled hydrogen occ_s

because of total heat sink limits of fuel. The time limit nor_/_ly

occurs at a flight velocity beyond which recycle operation is no longer

desirable. This limitation is a function of total vehicle subcooled

hydrogen mass and conditions (percent slush) and ermine heat rejection

rat e.

Therefore, the time limit is strictly a function of vehicle application

and must be evaluated for each case.
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Engine Identification Number: o BaselineRocket, Very Advanced

Engine Operating Modes
Summary: Number of Modes/Transitions 1 ; Number of Discrete Modes Utilized

ModeProgression- Lift-off to Touch-down

(Takeo£f) Rocket (Orbital speed, space maneuvering and deorbiting) Rocket

aided by drogues and parachutes (Landing), or additional airbreathing

engines (Flyback and landing)

Engine Propellant Requirements

Code: (R) = Required, (V) = Required for vacuum operation, (F) = Useable for flyback mode

[] Hydrogen, liquid, 37-40"R
r-I Hydrogen, liquid, subcooled (25
[--I Hydrogen, gaseous

1"-IOther

"R)
[] Oxygen, liquid,162"R
I"] Oxygen, liquid, subcooled
l-l Oxygen, gaseous

Engine Constituent Subsystems

Eoc_at

Engine General Arrangement and Operating Schematic

T,,_..u,,,_t_ ll'i:limi _ - ....,
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Engine Internal Operating Parameters, nominal

p = 2000 psia, O/F = 6.5
c

WGG/WTo T = 0.0203, AEXIT/A t = 80
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Eng. No.

Engine Operating Mode Block Diagrams
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Eng, No. o

Thrust,

Weight

sis I 25o,ooo Ib,f

and Thrust/Weight Ratio
Measuring Units I (English)

Weight I Ibm

Thrust/Weight I Ibf/Ibm

11 Irl12f055 newt.on ,J

I

(international)

kg
newton/kg

Lightweight Estimate

Subsystems:
Fan

Heat Exchanger

Primary Rocket
Mixer/Diffuser
Combustor/Exit
Contingency

Uninstalled Eng. Wt.
Thrust/Weightt Uninst.

Inlet Weight
Installed Eng. Wt.
Thrust/_Veight, Inst.

Heavyweight Estimate

Uninstalled Eng. Wt.

Thrust/Weight, Uninst.
Inlet Weight
Installed Eng. Wt.
Thrust/Weight, Inst.

Engine Flow Areas and
Dameters

ft 2 ft

43.0 7.4

REFERENCES

Inlet Cowl, A
C

M ixer, A 3

Combustor, A 4

Exit, A 6

REMARKS,

(Ibf/in 2) Maximum Engine ii:terr.al

V 50 100 250 744,7

m

2.26

Engine Lenc

Uninstal led

Inlet (Typ)

Installed (Typ

Pressure 1000 (r.ewt:or/m 2)
I

_89.5 1723.7

633.7
1756

709. 0

1570

ml

ff m

4.8 -,. _,,-'6

4.8 1.46

1397

_ 179

Equivalent

I

m2

3.99

I563
I60

ths

'Very advanced" Sta%e-of-the-art rocket engine. Inszzl!ed ,nrust/_e=gn_

includes tank pressurization heat exchanger and th_s_ vector con_roi

systems !Reference 22)
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EN G NO ot
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ENG. NO. o _

THRUST

REFERENCE TRAJECTORIES

I000

4000

o

3000
o

m 2000

I000
Z

0

n

0

0

.=

W

L_I

Z

80O

600

400

200

0

0

I
0

2.0 4.0 6.0 8.0

FLIGHT VELOCITY, 1000 fl:/sec
I I I r !

0.5 1.0 1.5 2.0 2.5

FLIGHT VELOCITY, I000 m/sec
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ENG. NO. o

SPECIFIC IMPULSE

REFERENCE TRAJECTORIES
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EN G. NO. c

THRUST

REFERENCE TRAJECTORIES
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O
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0
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Engine Identification Number: 1 Hyperjet

Engine Operating Modes
Summary: Number of Modes/Transitions 5 ; Number of Discrete Modes Utilized 2

Mode Progression - Lift-off to Touch-down
(Take off) Rocket (20OO-3000 ft/sec) Ramjet, subsonic combustion .(6000-8OOO ft/secll

Rocket (Orbital speed, space maneuvering and deorbiting) Ramjet, subsonic com-

bustion <F!yback) Rocket (Landing)

Engine Propellant Requirements
Code: (R) = Required, (V) = Required for vacuum operation, (F) = Useable for flyback mode

I'll Hydrogen, liquid, 37-40"R ' rf] oxygen, liquid,lO2"R
1"7Hydrogen, liquid, subcooled(?5 °R) I--I Oxygen, liquid, subcooled
I--1Hydrogen, gaseous I'-] Oxygen, gaseous

r7 Other

Engine Constituent Subsystems

Inlet, combustor, exit

Engine General Arrangement and Operating Schematic

_- INLET =i: COMBUSTOR =i-- EXIT

,:>-"

__ ......
FUEL AND OXIDIZER

CLOSEABLE _ /...._ / r- INJECTORS

INLET-- ._r'__-_.. _ (:iRff TURBOPUMP ASSEMBLY /

F_/ O=J
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Engine Internal Operating Parameters, nominal

Pc-RKT = z50 psia, O/F = 5.0, AEXIT/A t = Z0 (46)

Pc-l_J = 250 psia, _I= I. 0
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Eng. No. _-

Engine Operating Mode Block

®

Diagrams
H

,! c E
L____ ____ I

® H

A X



ENGINE PHYSICAL CHARACTERISTICS

Thrust,

Weight

sis [ 2so,ooo !bf,

and Thrust/Weight Ratio
Measuring Units | (English)

We ight | Ibm

Thmst./Weight | Ibf/Ibm

[I

II.
LicjhtweiQjht Estimate

Subsystem s:

(Ibf/in 2) Maximum

so zoo

* Inlet Section

Inlet Valve
Combustor/Exit

.......... Co_ingency
Uninstailed Eng. Wt.

Thrust/Weight, Uninst.
Inlet Weight (Remaining)

Installed Eng. Wt.
Thrust/Height, Inst.

I. 896

I. 311

ZL346

Z3_.
5. 788

43. Z

I, 106

i 6,894

36.3

I. 896

1.311

2. 346

Z35

•5. 788

43.Z I

I, Z64

7,052

35.5

Engine h:temal
,i,i I

250 344.7

I 896

1.311

2. 346

Z35

5. 788

43,2

I, 833

7,621

3Z.8

Report ZS, 194
Volume 4

Heavyweight Estimate

Uninstailed Eng. Wt.
Thrust/Weight, Uninst.
Inlet Weight

Installed Eng. Wt.
Thrust/Weight, Inst.

Engine Flow Areas
Diameters

ft 2
I

Inlet Cowl, A
c

M ixer, A 3

Combustor, A 4

Exit, A 6

REMARKS,

79.1

and

6. 946

36.0

i, 074

LB. 020

13.9

6, 0,46

36.0!

IZ, 656

ilq_ 602

_3,3

Equivalent

6. 946

36.0

[7, 798

Z4_ 744

i0.1

69.0

ii0,0

ft

10,03

9.37

ti,83

REFERENCES

m 2

7-35

6.41

ii0.22

m

3_06

Page 51

Eng. No. z-z

ItI!2/055 newton

(InternationaD

kg
newton/kg

II ii

Pressure I000 (r.ewtor/m 2)

689.5 _,72,_,7

8bO. 0

594, 7!

l. Oe4Ll

106.6

L 2. 625_41

424

8bO. O

594, 7

1. 004. I

100.0

2.625.4

424

860. 3

5_ _ -

1.064.1

10o. o

2.62_.4

424

501.7 573.4 831.4

3,198.,8
348

3, 127, 1

356.

3. 150=7

353

5, 740.8

£ 8_I.5

130

3. I5O.71

383

5, 023.21

S_ 173_Q!

13b

hs

ft

19.2

27.5

46.7

Engine Len(

,!
i

* Uninstal led

* Inlet (Typ)

Instal led (Typ:

Hyperjet. SecZion of inlet from closure aft must withstand rocket mode

combustion pressure, therefore only a small por*_ion of ir_e_ gains on

weight reduction with lower "q" tr_Jectories. CReferences lO_ 16, 21)

3, 45o. S

32!

3._5c.- !
3-_2

8 t 073,2 l

I! Z23.? 1

a_ ]

m

8.38

14.25
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ENG. NO. 1-1

U"I,

E

c_
_J

(,.)
w

b.
m

l.iJ

6OOO

4000

2000

I000

8OO

6OO

400

200

I00

_ "-- I

_'_, ALL-

: _'- .... :::::....... :'.:'::....::.,..:........: t..:z ....
........................... ::-=::::I:: .. :: ,.._"

.::.:.,:.-:.,_.:T:.;-3.::-:l-Z-.l::::Ii.:I.-::i-.I

• . ,.... ,

iil '!Irl _III :i:,': ' _ " :,;!, i :!I_:__' ..... ....
" i-_ [!_..... _ "_i "TT'; ii I _-_'_': _ +'_-_ .=_T_ _"

0 2.0 4.0 6.0 8.0

FLIGHT VELOCITY, 1000 fps
I . I I I I I
0 0.5 1.0 1.5 2.0 2.5

FLIGHT VELOCITY, 1000 m/sec
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ENG. NO. I-I ..

THRUST

REFERENCE TRAJECTORIES

o

t,-

o

o

!--

1.1.1

I--

z

I000

4000 -

8OO

..o

3000 -

o soo
_2

2000-=

400

k-
U.I
Z

I000 - 200

0- 0

0

I
0

2.0 4.0 6.0 8.0

FLIGHT VELOCITY, 1000 Ft/sec
l I I I I

0.5 1.0 1.5 2.0 2.5

FLIGHT VELOCITY, i000 m/sec



rquardl .. .o....,,,o..,.

Report 25,194
Volume 4

Page 54

ENG, NO. I-I

CAPTURE AREA

REFERENCE TRAJECTORIES

2O
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E
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w
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_. I0
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uO

uJ
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u.
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W
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<
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W

u9
UJ
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5O

0

0

I
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I I I I
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8.0

I
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ENG. NO. I-I

AIRFLOW

REFERENCE TRAJECTORIES

o
J
t,

m

<

<

o

4000

3GGG

20OO

I000

I
m

E

,=_
u,.
ew

8000

6000

40O0

2000

0

0

I

0
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FLIGHT VELOCITY, 1000 Fps

I i I I I
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FLIGHT VELOCITY, 1000 m/sac



e',

r_
-r

VAN NUTS, _al;FOIINla

Report 25, 194
Volume 4

Page 56

J_

C

•-* G.

!

L_

I _-
W

Z
U_ U_

,4"
_._ u_
O. •

8J_
I.I.

ddd . dgd

I _ I _¢ I _

m m

< O0 <

fNf_

. ggd
_u

LL

0 emf_m

f_

um_r_

• • •

tm
_m

•. ddd

im

g,
0

0

I

m

,==t

O0

_g

gg

dd

_g

-g

J.:g
,e _'. {D

g,g

0 "_ "0 _" m" 0 _ 4"

_; d g ¢; " " " ;.:2,



van NUY$. _ALIFO|NPA

Report 25,194
Volume 4

Page 57

,o

_. _=.
t_

u.

Z

C_
ij..

"_ I
,,, o.

I __

t_J m-
I N- _= L..

Z
ti. t_

s=-
ti.

_I, _II, .il, ,ll, .ll, .I(, .i. .II..u. _i. _i, a,
41, _I, .Ill, ,I_ .il, .i..i. .If, _I, 41, ,i, _

,il, .li..If, .li..li. _I, _. _ ,ll, _i, .I_
_I, .i, _I, 41, .ii, .IS, .II, .i. _I, _, .ll, ,i_
41, 41. 41, 41, _I..w, ,i, ._ .i. _I, _ .i,
,ll, _ll, _I, _ _I. ,ll, _ .li, _I. 41, _I..i,

.Ik

.N.

.ll,

.ii.
@

.if.
@
@

@

41.
@
.ill.
.It.

.ll,

_I, ,ll, _ll,
_I, ,I(, ,II,

_I, ,li, _I,
,If, .l(, .I_

I-- _, .I(..I_.
IJ,j ,11,.I(,.I.
_iJ

•=. ._, .ill, .I_

t _ .It, _
41, ,,It..It.

_L_ 4t. "It' ,t(,
•It, "m' _

Nm • • •
..J ==..=_ .=_

F--
_AJ
_AJ

,If, .i(, .N.
.I_ .li..li.

,I(..I_ .N.

_, .I(..If.

0 _ _ e

41. @ 41,
_, .IS. @

41..i. @

IR

"" _ ,O ,i0
J,....e • • •

J.,,.

0

!

)--
e,,..

@ .i_ .II.

@ .i, .li,

_II. ,li, 41.
,li..li. _

q..ll, @
•_. d, @

.i_ .w .w
41, .i. 41,

41..ll, _i,
41..li..Ik

.i..x. @

N..
_AJ

0

0

I

u_
(.3

2

,I_ ol.

@ .i.

@ 4.

@ @

@ @
@ .i,

• o

t_

-e

@ @

@ 6

6



UNCLASSIFIED

This Page Intentionally Blank

'.UNCLASSI_



ENGINE

Thrust,

Weight

PHYSICAL CHARACTERISTICS

I'sis 250t000 Ibf II
and Thrust/Weiqht Ratio

Measuring Unitslweight (English)ibm I[
Thrust/Weight Ibf/Ibm . ..

Report 25,1 94
Voluzne 4

Page 60

Eng. No. 1-2
I

lf112¢055 newton

(Int'ernationaD

kg
newton/kg

Lightwekjht Estimate

Subsystem s:

* inlet Section

Inlet Valve
Combustor/Exit

Contingency
Uninstalled Eng. Vt.

Thrust/Weight, Uninst.
Inlet Weight (Remaining)
Installed Eng. Wt.
ThrustYNeight, Inst.

(IbUin2)

50

3. O2-2

5. 372

537

13. 299

18.8

2. 548

15. 847
15.8

_laximum Engir:e h:temal Pressure 1000 (r,ewtor/m 2)
i .,

100 250 344.7 689.5 1723.7

4, 308

3, 022

5, 372

537

13.299

18.8

2.QI2

I6.211

I5,4

4, 36"8

3=022

5,372

.537

13.299

18.8

4.222

17.521

I4.2

1.981._

II 370. 8

2, 436.7

4_. 0

6. 032, 4

184

I. 155.8

7, 188, 2
155

1.981,3 I, _81.3

i= 370.8 l_ 370.

29 43C.7 2j 43c.-

24.3.0 _.4_0. O

6. 032.4 _,032,4
184 1 _q4

i. 320._ I._!5.!

7. 353.3 7. 947. f

tsi _4o

Heavyweight Estimate

Uninstalled Eng. Wt.

Thrust/Weight, Uninst.
Inlet Weight
Installed Eng. Wt.
Thrust/Weight, Inst.

Engine Flow Areas
D ameters

ft 2

Inlet Cowl, A
c

M ixer, A 3

Combustor, A 4

Exit, A 6

REMARKS,

182, I

i 4, 629

17_I

25=494

40. 123

6.2

anti

158,3

2 52.5

ff
i

15.23

14,20

17.93

REFERENCES

},4, 629

17.1

29. 13b

43. 765

5,7

Equivalent

m 2

16, 92

ll
I 14, 71

23, 46

I

14. 629

17_1

40. 973

55. 602

4.5

m

4.64

4.33

5.47

6.635.7

168

ii.564.1

18.100.8

61

Engine Lenc

* Uninstalled

* Inlet (Typ)

Instal led (Typ:

Section of inlet a_d inlet valve used for rocket chamber.

O, 935.7

168

13. 216.1

19 851.8

56
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ft

2,i.: ?

37.9

62.1

b. 055.7

18,585,4

25.22I.!
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ENG. NO. 1-2
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ENG. NO. 1-2
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REFERENCE TRAJECTORIES
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ENG. NO. 1-2

CAPTURE AREA

REFERENCE TRAJECTORIES
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ENG. NO. 1-2

AIRFLOW

REFERENCE TRAJECTORIES
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ENGINE FACT SHEET
i

Class 0 Composite Launch Vehicle Engines

Engine Identification Number: 2 Hyperjet- Scramjet

Engine Operating Modes
Summary: Number of Modes/Transitions ;___.. ; Number of Discrete Modes Utilized

Mode Progression- Lift-off to Touch-down
(':rake _of_. Eocket (2000-3000 ft/sec) Ramjet, subsonic combustion (6000-,S000 ft/secl;

Ramjet, suFersonic combustion (!O,O00-1h,O00 ft/sec)Rocket (Orbital speed, space
mmneuverlng an5 deorbiting) ?am.Jet, subsonic combustion (F!Tback) Rocket _Landing)

Engine Prope!iant Requirements

Code: (R) = Required, (V) = Required for vacuum operation, (F) = Useable for ftyback mode

[] Hydrogen, liquid, 37-40 °R
[-] Hydrogen, liquid, subcooled (2.5 "R)

['-1 Hydrogen, gaseous

I-] Other

[] Oxygen, liquid,162"R
[] Oxygen, liquid, subcooled
1"] Oxygen, gaseous

Engine Constituent Subsystems

_nl__, combustor, exit

Engine General Arrangement and Operating Schematic

[[= IN LET :i: COMBUSTOR

o

CLOSEABLE /'E ___FUEL AND OXIDIZER
..... , _- _ / _ INJECTORS

_'_'_ @TURBOPUMP ASSEMBLY
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Engine Internal Operating Parameters, nominal

Pc-RKT = 250 psia, OIF = 5.0, AEXIT/A t = 20 (46)

Pc_RJ = 250 psia, @ = 1.0, Ac/A 3 = 1.15

Eng. No.

Engine Operating Mode Block Diagrams

®
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I I : C E
I !

0 :---J

® H
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2

The following information for Engine No. Z

appears in the fact sheets previously given

for Engine No. I.

Engine Physical Characteristics

Weight, Thrust/Weight, Flow Areas,

Engine Performance: 0-8000 ft/sec

Specific Impulse, Thrust, Airflow,

References and additional remarks

Lengths

Capture Area
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ENG. NO. 2-z
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ENG. NO. 2-! __

THRUST

REFERENCE TRAJECTORIES
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ENG. NO. 2-2

SPECIFIC IMPULSE
REFERENCE TRAJECTORIES
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ENG. NO. 2-2

THRUST

REFERENCE TRAJECTORIES
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ENGINE FACT SHEET

Class 0 Composite Launch Vehicle Engines

Engine Identification Number: 3 Basic LACE

Engine Operating Modes
Summary: Number of Modes/' Transitions _ ; Number of Discrete Modes Utilized

Mode Progression- Lift-off to Touch-down
(Take.off).Liquid Air Cycle Engine (LACE) (6000-8000 ft/sec) Eocket (Crbital

speed, space maneuvering and deorbi_ing) LACE (Flyback and landing)

Engine Propellant Requirements
.

Code: (R) = Required, (V) = Required for vacuum operation, (F) = Useable for flyback mode

Eq Hydrogen, liquid, 37-40°R [] Oxygen, liquid,t62°R
r-] Hydrogen, liquid, subcooled(25 °R) I_. Oxygen, liquid, subcooled
I-1 Hydrogen, gaseous 1-"1Oxygen, gaseous

l-1 Other

Engine Constituent Subsystems

lnie_, heat _..chang_., combustor, exit

Engine General Arrangement and Operating Schematic

HEAT THRUST

ASSEMBLY
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Eng. No..__

Engine Operating Mode Block Diagrams
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Eng, No. 3

Thrust,

Weight

sis 250

and Thrust/Weic_htRatio
Measuring Units ! (English)

We ight J IbmThrust/Weight Ibf/Ibm

LkjhtweiQjht Estimate

Subsystem s:

Fan

Heat Exchanger

Primary Rocket
Mixer/Diffuser
Combustor/Exit

Contingency

Uninstalled Eng. Wt.
Thrust/Weight, Uninst.

* Inlet Weight

Installed Eng. Wt.
Thrust/_/eight, Inst.

(Ibf/in 2) Maximum

50 100

6603

_2500

,9to3
27, 5

3500

12603

,_ 19.8

irl12r055

(International)

kg

newton/kg

newton

7060

.. 2500

956Q

26.2

3480
13040

IQ,2

_o

Engine h:ternal Pressure 1000 (newtor/m 2)

1723.7

7382

2500

344,7

4129.!

27Q

1587, o

5716.7

104

¢89,5

433b. 4

257

1578. 5

_O[4. Q

!88

088Z

25.3

3306

13188

19,0

4481.=

248

1499.0

5qR2_I

180

I

Heavyweight Estimate

Uninstalled Eng. Wt.
Thrust/Weight, Uninst.

* Inlet Weight
Installed Eng. Wt.
Thrust/Weight, Inst.

Engine Flow Areas
Diameters

ft2

*Inlet Cowl, A
C

Pmcooler

Combustor, A 4

Exit, A 6

REN_RKS,

87.0

92.4

7. I

92.4

10924

22.9

14000
24924

I0.0

and Equivalent

ft

I0.53

10.85

3.00

I0.85

REFERENCES

m2

8L08

8.58

0.66

8, 58

11472

21.8

13920

25392

9.9

11858

21. I

_2825
24683

I0.1

m
I

3.21

3.31

0.91

3.31

4955, I

225

6350.4

11305.5

98

Engine Lenc

Uninstal led

Inlet (Typ)

Installed (Typ)

5203.7

214

6314, !

11517.8

97

ths

ft

52 54. a

207

_,817.4
II196.2

q9

m

* Inlet size varies with trajectory, Ac is for B trajectory.

Basic LACE. Performance utilizes vehicle flow field effect in !imi_ed

fashion co insure satisfaction of hea_ exchange air flow requirement.

(References 7, !0, 15)
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ENG. NO. 3

SPECIFIC IMPULSE

REFERENCE TRAJECTORIES
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EN G. NO. 3

THRUST

REFERENCE TRAJECTORIES
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EN G. NO. 3

CAPTURE AREA

REFERENCE TRAJECTORIES
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ENG, NO. 3

AIRFLOW

REFERENCE TRAJECTORIES
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ENGINE FACT SHEET

Class0 CompositeLaunch VehicleEngines

Engine Identification Number: 4 Recycled BasicLACE

Engine Operating Modes
Summary: Number of Modes/ Transitions._,._.; Number of Discrete Modes Utilized

Mode Progression - Lift-off to Touch-down
(Take off) Liquid Air Cycle Engine (LACE) recycled hydrogen (6000-8000 ft/sec)

Rocket (Orbital speed, space maneuvering and deorbiting) _CE (Flyback and
Landing)

Engine Propellant Requirements

Code: (R) = Required, (V) = Required for vacuum operation, (F) = Useable for flyback mode

F] Hydrogen, liquid, 37-40°R
Hydrogen, liquid, subcooled (25 "R)

F-I Hydrogen, gaseous

I-] Other

Oxygen, liquid,162 R
rl oxygen, liquid, subcooled
F"I Oxygen, gaseous

Engine Constituent Subsystems

Inlet, heat exchanger, combustor, exit

Engine General Arrangement and Operating Schematic

HEAT THRUST

INLET = = EXCHANGER-_ _ CHAMBER
• I / /

-

TURBOPUMP
F Or:." ASSEMBLY

,.  iBItmlm=.-
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I I:lsRl_ _ 4TlO'V

Engine Internal Operating Parameters, nominal

= = !000 =sia, = L.O
"e-LACE

Pc-i_K_T = !000 psia, AEXIT/A t = _0
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Eng. No. _.i_

Engine Operating Mode Block Diagrams

@
H

I Tank ""-'1

'" I H C ) =-
\ /

®
H

0
,...., .... cl' I ' 'HE' =I I I v

I t I I
I..... .,I I.m _ m ..,I
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ENGINE PHYSICAL CHARACTERISTICS

Thrust,

Weight

sis i 250r000 Ibf

and Thrust/Weicjht Ratio
Measuring Units ! (English)

Weight I ibm

Thrust/Weight [ Ibf/Ibm

Report 25 194
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Eng. No.

Iri12_055 newton

||

(InternatJonaJ)

kg

newton/kg

Licjhtweight Estimate

Subsystems:

Fan

Heat Exchanger

Primary Rocket

Mixer/Diffuser

Combustor/Exit

Contingency

Uninstalled Eng. Wt.

Thrust/Weight, Uninst.

* Inlet Weight

Installed Eng. Wt.

Thrust/_/eight, Inst.

Heavyweight Estimate

Uninstalled Eng. Wt.

Thrust/Weight, Uninst.

Inlet Weight

* installed Eng. Wt.

Thrust/Weight, Inst.

Engine Flow Areas and
Diameters

(Ibf/in 2)

5O

*Inlet Cowl, A c

Precooler

Combustor, A 4

Exit, A 6

REMARKS,

ft 2
t

I02,0

120.0

7.1

92,4

9172

2500

14053

17.8

5775

],98Z8
12.6

15458

16,2

23100

38558

6.=,

Vlaximum Engine h:terr, al
i i

],00 250 _44,7

m

3.47

3.77

Pressure 1000 (r, ewtor/m 2)

689.5

4160.4 4220. 79305

2500

14241

17.6

4080

i15665

_6,0

16320

0.91

3.31

Equivalent

m2

9.48

11.15

0.66

8_ 58

I0, 158

2500

15171

I'o, 5

3,596

I8767
I3_3

II34.0

6374, 4

175

2619,5

8993.9

r, _4.

7011.7

_59

I0478.2

17489.9

64

1134.0=

6459.7

I73

I850,7

8310.4

I33

7!o5.
I_7 .

7402.8

11.40

12.36

3.00

10.85

REFERENCES

16688

15.0

13950
30638

Engine Len_

Uninstal led

Inter (Typ)

Instal led (Typ]

14508.4

ths

ft

77

* Inlet size varies with trajectory, A is for B trajectory.
c

Recycled Basic LACE. Performance u_ilizes vehicle flo_ field effec%s

in limlzed fashion to insure sazisfaction of heat exchanger air flo_

requlremen_. Recycle zlme limit is expected zo limit operazing zlme

si_nuificently. (References 7, lO, 1L, 15)

I

1723.7

4607.6

I134. o

6881.0

162

1631. I

8512. T

756 a . 7

1,47

6327.7

13897.4

8O

m
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ENG. NO. 4

SPECIFIC IMPULSE

REFERENCE TRAJECTORIES

6OOO

4O00

{.}

E

U'3
--I

{3,.

o
m

LI.
m

l.IJ
O.

(.,f3

2000

1000

8OO

6OO

400

200

I00

• :: i:: :- if

: ........' i!I=

0 2.0 4.0 6.0 8.0

FLIGHT VELOCITY, 1000 fps
I I I I I I
0 0.5 1.0 1.5 2.0 2.5

FLIGHT VELOCITY, 1000 m/sec
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ENG. NO. 4

THRUST

REFERENCE TRAJECTORIES

4000

C

0

_n 2000

==
I--

l.--
l.iJ
.-j

_- 1000
Z

O

I000

8OO

m

g 600

_2

-Z

400

1,1.1
Z

m

200

- 0

0 2.0 4.0 6.0

FLIGHT VELOCITY, I000 fVsec
I I I I I

0 0.5 1.0 1.5 2.0

FLIGHT VELOCITY, I000 m/sec

8.0

I

2.5
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ENG. NO. 4

CAPTURE AREA

REFERENCE TRAJECTORIES

(_
E

laJ

la.J
e,,,

l..-
r_

(...)

ILl
e,,,
l--

la.J
la.l

I,

15

10

la.J
ew

,,,
C_

. k-

(..)

,<
LU

k-
u3
ILl

e_

I

200

150

IO0

50

0

0 2.0 4.0 6.0

FLIGHT VELOCITY, 1000 ft/sec

I I I I I
0 0.5 1.0 I .5 2.0

FLIGHT VELOCITY, 1000 m/sec

8.0

I
2.5
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ENG. NO. 4

AIRFLOW

REFERENCE TRAJECTORIES

(.1

ul

0
..J
u.

<

<

o
F-

4O0O

3000

2000

I000

8OOO

o 6000
tn

" _ 4000

2000
I=

O- 0
0 2.0 4.0 (_.0 8.0

FLIGHT VELOCITY, I000 Fps

• I I I l I

0 0.5 1.0 1.5 2.0 2.5

FLIGHT VELOCITY, I000 rn/sec
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ENGINE FACT SHEET

Class 0 Composite Launch Vehicle Engines
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Engine Identification Number: 5 Basic Air AugmentedRocket

Engine Operating Modes
Summary: Number of Modes/ Transitions_._ ; Number of Discrete Modes Utilized
ModeProgression - Lift-off to Touch-down

_Take off) Air augmented rocket, simultaneous mixing and burning cycle

(6000-8000 ft/sec) Rocke% (Orbital speed, space maneuvering and deorbiting)

Air augmented rocket, simultaneous mixing and burning cycle (Flyback and
landing)

2
m

Engine Propellant Requirements

Code: (.R) = Required, (V).= Required for vacuum operation, (F) = Useable for flyback mode

[] Hydrogen, liquid, 37-40°R
r} Hydrogen, liquid, subcooled (2.5°R)
l'] Hydrogen, gaseous

L-"]Other

Engine Constituent Subsystems

[] Oxygen, liquid,162°R
I-"]Oxygen, liquid, subcooled
r-] Oxygen, gaseous

lr_et, rocket, mixer-combustor, exit

Engine General Arrangement and Operating Schematic

INLET --i= MIXER/COM BUSTOR =I: EXIT--"

__ ._ __ _PRIMARY THRUST I

TURBOPUMP ASSEMBLY
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Engine Internal Operating Parameters, nominal

Pc-RKT = 1000 psia, O/F = 7.94-4.0

(Initial Operation is Inlet-Closed All Rocket During

Otherwise Negative Augmentation Phase for 5-1 only)

Ws/W p (I000 ft/sec, B trajectory) = 1.75, (Ws/W p

A4/A 3 = I. 00

Engine Operating Mode Block Diagrams
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Eng. No.

= 4.67 SLS)

(D

®

H

\A
<i

0

H

0

I I l R IMC, E =
L___j [___j ER____



ENGINE PHYSICAL CHARACTERISTICS
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Eng. No. 5-_

Thrust,

Weight

sis I 250t000 Ibf

and Thrust/Weight Ratio
Measuring Units I (English)

We ight l IbmThru st/We ight Ibf/I bm

.Lightweight Estimate

Subsystems:

Fan

Heat Exchanger

Primary Rocket
M ixer/Diffuser
Combustor/Exit

Contingency

Uninstalled Eng. Wt.
Thrust/Weight, Uninst.
Inlet Weight

Installed Eng. Wt.
Thrust/_Veight, Inst.

Heavyweight Estimate

Uninstailed Eng. Wt.

Thrust/Weight, Uninst.
Inlet Weight

Installed Eng. Wt.
Thrust/Weight, Inst.

Engine Flow Areas
Diameters

ft 2

Inlet Cowl, A
c 79, 1

Mixer, A 3 69,0

Combustor, A4 69,0

Exit, A 6 I10.0

REMARKS,

and

II

(Ibf/in 2) Maximum Engine h=terr.ai

50 I00 250

2720 2720 2720

748

1496

496

5460

45.8

1088

1706

551

6O5O

41, 3

3160

921q

27.1

I496

2312

653

7181

34.8

4582

11673

21.3

2765

8225

iri12(055 newton

(International)

kg
newton/kg

Pressure i000 (rewtor/m 2)

344.7

1233, 8

339.3

678.b

225.0

2476.7

449

1254.2

3730_Q
oo
_,_

689,5

1233, 8

403. 5

773. 8

249. _,

2748, 4
405

1433.4

4I}ql_ 7

1723,7

I04S. -

3257, 3
341

207S. J-

52Q4_ o

_ga

6552

38,2

11074

17626

14.2

Equival

7271

34, 4

12656

19927

12.5

ent

8617

29.0

17788

26405

9.5

2771,9

375

32o8. I 3908.7

337 284

5023.2 5740.8 80o8.

9038, 9

I23

7995.2

139

11977.3

93

10.03

9.37

9.37

11.83

REFERENCES

m 2

7.35

6, 41

6,4I

I0.22

m

3.06

2.86

2.86

3.61

Engine Lenc

Uninstal led

Inlet (Typ)

Installed (Typ

ths

ft

15,8

37.!

52,o

m

4, 82

, II,31

, 16, 13

Basic: or simple air augmented rocket. No secondary _aei, but rocket

permitted to have variable O/F rstio _s a mechanism to _dd z_ael for

combustion doom zo fuei-rich O/F = 4.0 (_ = 2,0). Pressure field

benefits included on both 5-1 snd 5-2. Inlet closed ('rocket o_erzzi_n)

during otherwise negative subsonic augmentation phase. (References 17, 16, l_)
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Eng. No. s-z

Thrust,

Weight

sis [
and Thrust/Weiqht

MeasuringweightUnits IThrust/Weight

28o,ooo,bf Ii
Ratio

(English) 'Ibm If'
Ibf,/Ibm .,

Irl12r055

(Internaticnai)

kg
newton/kg

newton

Licjhtwe iajht Estimate

Subsystem s:

Fan

Heat Exchanger
Primary Rocket
M ixer/D iflu ser
Combustor/Exit
Contingency

Uninstalled Eng. Wt.

Thrust/Weight, Uninst.
Inlet Weight
Installed Eng. Wt.
Thrust,/_Veight, Inst.

(Ibf/in 2) Maximum Engice IF.temai

50 I00 250 344,7

266-_

1738

3476

789

8,667

28.8

6370

15037

16,6

2664

2528

3950

914
10056

24.9

7280

17336

14,4

2664

3476

5372

I,_, 51
12663

19,7

10556

23219

10.8

Pressure I000 (r.ewtor/m 2)

689,5

1208.4

788,4

_76,7

357.9
3931.4

1791,

4i4.
4561.

283 244

2889.4 3302_

6820.8 7863.

I63 141

1723,7

4 1208.4

7 I57:.7

7 243e,-

c 522.1
4 5745.:

193

2 4788.2

6 I0532. i

IOe

Heavyweight Estimate

Uninstalled Eng. Wt.

Thrust/Weight, Uninst.
Inlet Weight
Installed Eng. Wt.
Thrust/Weight, Inst.

Engine Flow Areas and

Inlet Cowl, A
C

M ixer, A 3

Combustor, A 4

Exit, A 6

REMARKS,

)iameters

ft 2

182, 1

158, 3

158, 3

252, 5

REFERENCES

ff

I_..23

I4.20

14.20

17.93

9534

26.2

25494

35028

7,1

11062

22.6

29136

401q8

6,2

13929

17.9

40973 ,
54902

4.6

4324.6

257

11564, I

15888.7

L 70

13__21,6,i
18233.8

61

17_

1858524

24903. 6

45

Equivalent

ii ii

2
m

16.92

14_7I

I4.71

23.46

m

4- 64

4.33

Engine Lent

Uninstal led

Inlet (Typ)

Installed (Typ)

ths
ft

£8.7

45.0

63.7

llm

m

5.70

13.72

,I9.42
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ENGINE FACT SHEET

Class 0 Composite Launch Vehicle Engines

Engine Identification Number: 6 Basic Air Augmented Rocket- Ramjet

Engine Operating Modes
Summary: Number of Modes/Transitions 5_.5__; Number of Discrete Modes Utilized

ModeProgression - Lift-off to Touch-down
(Take off) Air augmented rocket, simultaneous mixing and burning cycle

(2000-3000 ft/sec) Ramjet, subsonic combustion (6000-8000 ft/sec) Rocket

(Orbital speed, space maneuvering and deorbiting) Ramjet, subsonic combustion

(F1yback) Air augmented rocket, simultaneous mixing and burning cycle (Landing)

Engine Prope!lant Requirements
Code: (R) = Required, (V9 = Required for vacuum operation, (1=3= Useable for flyback mode

I'_ Hydrogen, liquid, 37-40"R
I-] Hydrogen, liquid, subcooled (25 °R)
l-] Hydrogen, gaseous

[] Other

Oxygen, liquid,162°R
r-I oxygen, liquid, subcooled
I-'1Oxygen, gaseous

Engine Constituent Subsystems

inlet, rocket, mixer-combustor, exit

Engine General Arrangement and Operating Schematic
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Eng. No. 6

Pc-RKT = I000 psia, O/F = 7.94

(Initial Operation is Inlet-Closed All Rocket During

Otherwise Negative Augmentation Phase for 6-1 only)

Ws/W p (I000 ft/sec, B trajectory) " 1.75, (Ws/Wp = Z.4Z SLS)

A4/A 3 = I. 00

Engine Operating Mode Block Diagrams

®

®

®

H

H

0

, ' -Mr:
z I # R , E _ =
L_____J a--.J L__.
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ENGINE PHYSICAL CHARACTERISTICS
I

Thrust, sis [ . 25.0r000 Ibf

Weight and Thrust/Weight RatiO
Measuring Units | (English)

We ight / Ibm
Thrust/Weight[ Ibf/Ibm

Report 25,194
Voluro e 4

Lightweight Estimate

Subsystems:
Fan

Heat Exchanger

Primary Rocket
Mixer/Diffuser
Combustor/Exit
Contingency

Uninstalled Eng. Wt.
Thrust/Weight, Uninst.
Inlet Weight
Installed Eng. Wt.
Thrust/_Veight, Inst.

(Ibf/in 2) Maximum Enc

50 I00

2.720 2720

748 1088

1496

.496
5460

L

45.81

276S

i 822530,4

1706

551

6059

41.3

31'60

?zl9
27,_

Page 134
l

Eng. No. 61

Iti121055 newton ]

(International)

kg
newton/kg

i I

ir.e icterr.al Pressure 1000 (r.ewtor/m 2)

250 344.7 689.5

Z720

1476

z312
653

718I

"_4_R

L 11673
ZI.3

1723.7

m

i233.8

[ 339.3

678.6

225_0

2476_ 7

449

I2 _4. ?

3730.9

1233.8

493. 5

773. fl

24o_9

27-18_ 4

J.N¢

4I 81.7

266

1233, s

678. ':

I048_ -

2 q _ _2

_2¢7 =

PATR :

20a

Heavyweight Estimate

Uninstalled Eng. Wt.
Thrust/Weight, Uninst.
Inlet Weight
Installed Eng. Wt.
Thrust/Weight, Inst.

Engine Flow Areas and
Diameters

Inlet Cowl, A
c

M ixer, A 3

Combustort A 4

Exit, A 6

REMARKS,

ft 2 ft

79, 1

69.0

69.0

I10.0

I0.03

9.37

9.37

1!.83

_55_

38.2

11074

17626

14_2

Equivalent

m2

REFERENCES

77.71

34.4

12656
[I9927

I2_5

i I

8617

2g.O

17788

26405

o..5

2071_9

375

5023, 2

7995.2

130

7.35

,6, 4I

6,4I

10.22

I

m

3_06

2_g6

2._6

__61

Engine Lenc

Uninstal led

Inlet (Typ)

Instal led (Typ:

3298_I

337

5740,8

9038.9

123

ths

ff

15.8

37_I

52,9

300__7

284

80_8.,.0

II977. _

lU

m

4. @2

II:31

16.13

Basic air augmented rocket _ith secondary fuel and ramie3 cspabi!ity.

(_ = !.0). In!e_ closed (rocke_ opera_ion) 6-1 only during o_he_;ise

nega%ive subsonic augmenzation phase. (References l?, _i)
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i m

ENG. NO. 6-I

t,.)

{,f)

e,,
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m
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ct)
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I

c.)
m
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m

uJ
o..
ct)
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4000

2000

1000

8OO

600

4OO

200

I00

I

iALL'

_l_:i_li!::-!'i__ :,! ::Ii:!i!._.!:t;il: :,_:_l_i:':ii.
i

-'--":-:: .... -.--1: :_ ::::_::-::- ::' :" -l" :I "

_L_-_..:: .... :!:l-÷-h::.:l " .: :; : ..:: ..-

::. ,.::--- Inlet Closed :l_!_li!:.il:=_-!_i_i-I!!
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ii: 7:I7{.1:.:!:I:7!71!i!7[7.-ii-1_-7t:i77[77!.L--!t_-:.
• L

4.0 6.0 8.0

I
0

FLIGHT VELOCITY, 1000 fps
I I I .. I I

0.5 1.0 1.5 2.0 2.5

FLIGHT VELOCITY, 1000 m/sec
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ENG. NO. 6-1

THRUST

REFERENCE TRAJECTORIES

I000

4OOO

S
3000

m 2000

I000
Z

u

C_
0

e,,
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p-
oJ

p-
w
z

800

60O

400

200

0

0 2.0 4.0 6.0 8.0

FLIGHT VELOCITY, lO00 ft/sec
i 1 I I I I

0 0.5 1.0 1.5 2.0 2.5

FLIGHT VELOCITY, I000 m/sec
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ENG. NO. 6.-1

CAPTURE AREA

REFERENCE TRAJECTORIES
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I I I I
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ENG. NO. 6-I

AIRFLOW

REFERENCE TRAJECTORIES

M1

Q
-J
LL

m

-J

M-

F.-

4000

3000

2O00

I000

m

8000

i

6000

_ 4000

¢w

2000

O- 0
0

I

0

2.0 4.0 6.0 8.0

FLIGHT VELOCITY, I000 fps
I I I 1 I

0.5 1.0 1.5 2.0 2.5

FLIGHT VELOCITY, i000 m/sec
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Eng. No. 6_z

Thrust,

Weight

sis I

and Thrust/Wei_jht
Measuring Units I

We ight I

Thrust/Weight L,

250,000 Ibf !I

Ratio
ill

(English)lbf/lbmlbm } I

irl12r055

(International)

kg
newton/kg

ij

newton

.Lightweight Estimate

Subsystem s:
Fan

Heat Exchanger
Primary Rocket
Mixer/Diffuser
Combustor/Exit

Contingency

Uninstalled Eng. Wt.
Thrust/Weight, Uninst.
Inlet Weight

Installed Eng. Wt.
Thrust/_Veight, Inst.

(Ibf/in 2)

_O

3470

78?
90_7

25.9

6370

Maximum Engir:e h:terr.al Pressun

I00

3604

2528

3750
Ol 4
d'

11056

22.6

7280

250

30o4

3470

t

1151

13_{13

18.3

10556

24219

:0.3

"344,7

1ooi.9

f 7fl8,4

[ 576, 7

357,9

4384, 9

254

2889.4

689,5

I000 (rewtor/m 2)

172_,7

Io61. 9

1146.7

lTOl, 7

414, 9

:,0I 5, 0

")99

3502.2

IS336

13.6

1¢,oi. 0

1 576.7

1436, 7

52!. I

0197, 5

Heavyweight Estimate

Uninstalled Eng. Wt.

Thrust/Weight, Uninst.
Inlet Weight
Installed Eng. Wt.
Thrust/Weight, Inst.

Engine Flow Areas and
Diameters

ft 2

Inlet Cowl, A
C 182, i

Mixer, A 3 15a. 3

Combustor, A 4 158.3

Exit, A 6 252, 5

REMARKS, _EFERENCES

10634

23.5

25494

36128

12162

20.6

29136

41298

6.9

Equivalent

ft

I5.23

14_20

14, 20

I7.93

6.I

15029

16_6

40973

56002

4, 5

4823.6

231

11564.1

16387.7

68

m 2

16.92

14_71

14, 71

23.46

m
I

4_64

A _%'4

4.33

5.47

Engine Lenc

Uninstat led

Inlet (Typ)

Installed (Typ

5516.6

1321o, I

18732.8;

oO

ths

ft
i

18.7

63.7

II

I

180

4788.2

I09R__7

IOl

i

6817.2

18585,4

25402._

44

m

5.70

_12u_Z/__

19-42
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SPECIFIC IMPULSE

REFERENCE TRAJECTORIES

EN G. NO. 6-2
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ENG. NO. 6-2

THRUST

REFERENCE TRAJECTORIES

I000

4000

0
o
Q

2000

I000
Z

0

m

0

g
r-4
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2OO
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I
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ENG. NO. 6-2

CAPTURE AREA

REFERENCE TRAJECTORIES
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ENG. NO. 6-2

AIRFLOW

REFERENCE TRAJECTORIES

4000

3000
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I000

8OO0
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- °_ 4000
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Engine Identification Number: 7 Basic Air Augmented Rocket- Convertible Ramjet

Engine Operating Modes
Summary: Number of Modes/Transitions 6 ; Number of Discrete Modes Utilized

ModeProgression- Lift-off to Touch-"_n
_Take off) Air augmented rocket, simultaneous mixng and burning cycle
(2000-3000 ft/sec) Ramjet, subsonic combustion (_O00-8000 ft/sec) Rocket
(Orbital speed, space maneuvering and deorblting) Ramjet, subsonic combustion

(Flyback) Air augmented rocket, simultaneous mixing and burning cycle (Landing)

Engine Propellant Requirements

Code: (R) = Required, (V) = Reaulred for vacuum operation, (F) = Useable for flyback mode

1"71Hydrogen, liquid, 37-40°R
[-1 Hydrogen, liquid, subcooled (25
[-I Hydrogen, gaseous

[-1 Other
im ii

Engine Constituent Subsystems

Inlet, rocket, mixer-combustor, exit

°R)
Oxygen, iiquid,162°R

[-1Oxygen, liquid, subcooled
I'-] Oxygen, gaseous

Engine General Arrangement and Operating Schematic

= INLET =i= M IXER/COMBUSTOR i: EXIT----=

j-___ _ _ C;H_,'I_BER AND FUEL /

TURBOPUMP ASSEMBLY
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Engine Internal Operating Parameters, nominal

P = I000 psia, O/F = 7.94
c -RKT

(Initial Operation is Inlet-Closed All Rocket During

Otherwise Negative Augmentation Phase for ?-I only)

_Vs/_Vp (I000 ft/sec, B trajectory) = 1.75, (Ws/Wp -- Z.42 SLS)

A4/A 3 = 1.00, Ac/A3 = 1.15

Engine Operating Mode Block Diagrams

H
®
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Eng. No.

®

®

®

0

H

H

0
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Eng.No. T

The following information for Engine No. 7

appears in the fact sheets previously given

for Engine No. 6.

Engine Physical Characteristics

Weight, Thrust/Weight, Flow Areas, Lengths

Engine Performance: 0-8000 ft/sec

Specific Impulse, Thrust, Airflow, Capture Area

References and additional remarks
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REFERENCE TRAJECTORIES
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ENG. NO. T-i

THRUST

REFERENCE TRAJECTORIES
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ENG. NO. 7-2
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ENG. NO. 7-2

THRUST

REFERENCE TRAJECTORIES
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Class

ENGINE FACT

0 Composite Launch

SHEET

VehicleEngines

Engine Identification Number; 8 Basic Air Augmented Rocket- SCRAM JET

Engine Operating Modes
Summary: Number of Modes/Transitions.,_._. ; Number of Discrete Modes Utilized

ModeProgression - Lift-off to Touch-down
(Take off) Air augmented rocket, simultaneous mixing and burning cycle

(2000-3000 ft/sec) Ramjet, supersonic combustion (iO,O00-1h,OOO ft/sec]

Rocket (Orbital speed, space maneuvering and deorbiting) Ram.jet, supersonic

combustion (Flyback) Air augmented rocket, simultaneous mixing and bu_ing
cycle CLanding)

Engine Propellant Requirements
Code: (R) = Required, (V) = Requlred for vacuum operation,. (._ = Useable for flvback mode

E] Hydrogen, liquid, 37-40°R [] Oxygen, liquid,1O2°R
I-7 Hydrogen, liquid, subcooled (25 °R) l-l Oxygen, liquid, subcooled
I--] Hydrogen, gaseous [--I Oxygen, gaseous

I-7 Other

Engine Constituent Subsystems
Inlet, rocket, mixer-combustor, exit

Engine General Arrangement and

I_ INLET .._1_

[ T

Operating Schematic

MIXER/COMBUSTOR/EXIT

PRIMARY THRUST
CHAMBER AND FUEL
INJECTOR ASSEMBLY

=m=_=

/RBOPUMP ASSEMBLY

F
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Engine Internal Operating Parameters, nominal

P = I000 psia, O/F = 7.94-4.0c -RKT

(Initial Operation is Inlet-Closed All Rocket During

Otherwise Negative Augmentation Phase for 8-I only)

_V /W (i000 ft/sec, B trajectory) = 1.75, (_V /%V = 4.67 SLS)
s p s p

A4/A 3 - 1.00, Ac/A3 = 1.15

Engine Operating Mode Block Diagrams

® H

(>A

0
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Eng. No.

X
v

®

®
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I----'1

I

, R '
I

I l

I. ___.I
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I I
I I i
I I
l.u J m .I
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R _MCI l E I
I iE i,__., R

X
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The following information for Engine No. 8

appears in the fact sheets previously given

for Engine No. 5.

Engine Physical Characteristics

Weight, Thrust/Weight, Flow Areas, Lengths

Engine Performance: 0-8000 ft/sec

Specific Impulse, Thrust, Airflow, Capture Area

References and additional remarks
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ENG. NO. 8-_.
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8-1
EN G. NO.

THRUST

REFERENCE TRAJECTORIES
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ENG. NO. 8-'--
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ENG. NO. 8-2
I II

THRUST

REFERENCE TRAJECTORIES

o

t-

O
0
0
r-I

_c

-r-

l--
i,i

LIJ
Z

4O0O

3000

2000

I000

I000

800

m

0

600

C ,

c_
"-r-

l--
400

I,,-
U.I

p-

Z

200

- 0

_!:_iil _!'_!:-_¸_¸ _!-il _;i_ i_,_

I
2.4

8.0 9.0 i0.0 II.0

FLIGHT VELOCITY, I000 ft/sec

I I l I I

2.6 2.8 3.0 3.2 3.4
I I

3.6 3.8

FLIGHT VELOCITY, 1000 m/sec



UNCLASSIFIED:

van NUV$ C&LJWOINIA

This Page Intentionally Blank

UNCLASSIFIED



Report 25,194
Volume 4

Page 166

ENGINE FACT SHEET

Class 0 Composite Launch Vehicle Engines

Engine Identification Number: 9 EjectorRamjet

Engine Operating Modes
Summary: Number of Modes/ Transitions 5..5 _ Number of Discrete Modes Utilized 3

ModeProgression- Lift-off to Touch-down
(Take off) Air augmented rocket, afterburning cycle (2000-3000 ft/sec) Ramjet,
subsonic combustion (6000-8000 ft/sec) Rocket (Orbital speed, space maneuvering

and deorbiting) Pamjet, subsonic combustion (Flyback) Air augmented rocket,

afterburning cycle (Landing)

Engine Propellant Requirements
Code: (R) = Required_ (V) = Required for vacuum operation, (F') = Useable for flyback mode

IT-]Hydrogen, liquid, 37-40°R [] Oxygen, liquid,152°R
F-I Hydrogen, liquid, subcooled(25 °R) I-'I Oxygen, liquid, subcooled
["-] Hydrogen, gaseous F'-]Oxygen, gaseous

1"-1Other

Engine Constituent Subsystems
inlet, rocket, mixer-diffuser, combustor_ exit

Engine General Arrangement and Operating Schematic

INLET =

Q_

COMBUSTOR
"_- EXI T "_

: MIXER/DIFFUSER -- -I-
I

PRIMARY THRUST
CHAMBER ASSEMBLY

.,,..._FU EL INJECTOR I

TURBOPUMP ASSEMBLY
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Engine Internal Operating Parameters, nominal
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Eng. No.

P = I000 psia, O/F= 7.94
c -RKT

W /W (SLS) = 1.50 (3.00), A4/A 3 = I. 59 (Z.00)s p

Engine Operating Mode Block Diagrams

®

®

H
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(

H

0
I ! ,I R :MD :ER I C ,I.... ,,-- --J .... =

I



r"rA,,_

//f/a rq,,ffff.mll

ENGINE PHYSICAL

Thrust, sis I

Weight and Thrust/Wei�ht

MeasuringWeight Units [Thrust/Weight

.Licjhtweicjht Estimate

Subsystems:

Fan

Heat Exchanger

Primary Rocket
M ixer/Diffuser

Combustor/Exit
Contingency

Uninstalled Eng. Wt.

Thrust/Weight, Uninst.
Inlet Weight
Installed Eng. Wt.
Thrust/#eight, Inst.

Heavyweight Estimate

Uninstalled Eng. Wt.

Thrust/Weight, Uninst.
Inlet Weight
Installed Eng. Wt.
Thrust/Weight, Inst.

Flow Areas
Diameters

ft 2

Engine

VAN NUVl. CA/,#fOONIJ

79.1

CHARACTERI STICS

250¢000 Ibf

Ratio
(English)

Ibm

Ibf/Ibm

(Ibf/in 2)

5O

2410

1333

1518

526

5787

43,2

2765

Report 25,194
Volume 4

Page 168

Inlet Cowl, A
C

M ixer, A 3

Combustor, A4

Exit, A 6

REMARKS,

Maximum

I00

2410

Engir:e

250

II
Eng. No. 9-_

1¢1121055 newton

(International)

kg

newton/kg

6944

36.0

11074
IRO18

13,9

1505

1725

564

6204

40.3

31b0

9364

26:7

2410

h-,terr.al Pressure I000 (r,ewto_/m 2)

344.7 689.5 1723.7

1093,2 I093,2

7445

33.6

_2656

20101

12,4

and Equivalent

ft

10.03

43.2 7.42

69.0 9.37

11.83

206,i

2346

682

7502

33.3

4582
12084

2O 7

604.6

688.6

238_ t_

262 5, 0

424

I254.2

3879.2

?qA

0_2, 7

782.5

255_8

2814o I

395

1433.4!

42 47.5

262

Ii0.0

REFERENCES

m2 m

7,35 3.06

4.01 2.26

6.4I 2.86

10.22 3.61

9002

27.8

17798
26800

9.3

314q_8

353

5023,2

8173.0

136

Engine Lent

Uninstal led

Inlet (Typ)

Installed (Typ:

3377. 1

330

5740.8

9117,8

122

ths

ft

19.2

37_Q

56.2

I093, 2:

956.21

!064. Ii

309_ 41

3402, c_l

327

2078.41

5481.31

?Q%

4083.3!

273

8073.2

121 56, 5

91

m

5.85

17.13

Ejector Ramjet (ERJ) cycle. (References 5, Ii, 20, 21)
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ENG. NO. 9-1
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ENG. NO. 9-1

THRUST

REFERENCE TRAJECTORIES
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ENG. NO. 9-1

CAPTURE AREA

REFERENCE TRAJECTORIES
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ENG. NO. 9-1

AIRFLOW

REFERENCE TRAJECTORIES
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ENGINE

Thrust,

Weight

PHYSICAL CHARACTERISTICS

Licjhtweight Estimate

Subsystems:

Fan

Heat Exchanger
Primary Rocket
Mixer/Diffuser
Combustor/Exit
Contingency

Uninstalled Eng. Wt.
Thrust/Weight, Uninst.

Inlet Weight
Installed Eng. Wt.
Thrust/JVeight, Inst.

En_ No. e-_

sis I 250t000 Ibf

and Thrust/Weight Ratio
Measuring Units I (English)

Weight I Ibm

Thrust/Weight | Ibf/Ibm

(Ibf/in 2) Maximum Engine

20 IOO 250

2_2.55 2255 2255
2402 2730 3744

II

h:terral

Iri121055 newton

(International)

kg
newton/kg

Pressure I000 (r.ewtor/m 2)

689.5

1022.9

1238.3

im

1723.7344.7

I022.9

1089.5

3476 3950 5372 1576.7 1791.7 2436.7

813 894 1137 368,8 405,5 515,7

8946 9829 12508 4057.9 4458.4 5673.6

27.9 25.4 20.0 174 249 Io6

6370 72_0 _0556 2889.4 3302.2 4738.2

15316 17109 23064 6947.3 7760_6 10461.S

16.3 14,6 10.8 _60 143 [06

I

Heavyweight Estimate

Uninstalled Eng. Wt.

Thrust/Weight, Uninst.
Inlet Weight
Installed Eng. Wt.
Thrust/Weight, Inst.

Engine Flow Areas
D ameters

ft 2

Inlet Cowl, A
C 182. I

Mixer, A 3 78- 1

Combustor, A 4 158.3

Exit, A 6 z 5Z, 5.

REIV_RKS,

and

9841

25.4

25494

35335

7.1

ii0812

23.1

Z9136

39948

6.3

Equivalent

ft

15.23

9.97

14.20

17.93

REFERENCES

m 2

I6_qZ

7.26

14.71

23, 46

Ill

13759

18.2

40973

54732

4.6

4463_9

249

11564,1

16027.9

70

m

4 A4

3_04

4_33

5.47

Engine Lenc

Uninstalled

Inlet (Typ)

Installed (Typ

4904_ 3

227

13216. I

18120.4

62

i|

624I. 1

179

18585.4
24826.4

45

ths
ft

23.7

45.0

68.7

m

7.22

I3.72

2O. 94
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ENG. NO. 9-2
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ENG. NO. 9-2

THRUST

REFERENCE TRAJECTORIES

u')

- o

o

o

Of3

-I-
I--

I.iJ

p.
w
z

4000

3000

2000

I000

0

I000

8OO

o
o 6oo

--,r-

400

uJ
z

200

- 0

_i i! I.

_ ;ii! _
_i:i; !

i _i ¸¸:-_
i Ii .

!i'! _"
_,: i i

0 2.0 4.0 6.0 8.0

I

0

FLIGHT VELOCITY, I000 ft/sec
I I I I

0.5 1.0 1.5 2.0

FLIGHT VELOCITY, i000 m/sec

I
2.5



VAN NUY|. CALIFORNI&

Report 25,194
Volume 4

Page 180

ENG. NO. 9-2

CAPTURE AREA

REFERENCE TRAJECTORIES
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ENG. NO, 9-2

AIRFLOW

REFERENCE TRAJECTORIES
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ENGINE FACT SHEET

Class 0 Composite Launch Vehicle Engines

Engine Identification Number.. lo EjectorSCRAM JET

Engine Operating Modes
Summary; Number of Modes/ Transitions 6 ; Number of Discrete Modes Utilized "

Mode Progression - Lift-off to Touch-d----own

,'T_'.-_of": Air :_ugmen_ed rocket, af%erburning cycie (2©O0-30@G ft/sec! Ramjet,

su_sonin zomhustion ([O00-._O00 ft/sec) Ramjet, supersonic combustion (iO,OO0-

iL,O00 ft/sec) Rocket {'rbite. l coeed, space maneuverin_ _nd deorbitin_) Ramjet,

s;_hson" e _,ombust [on ,'?lybacK ] :'_._r augmented rocket, _-'_"-_erburn_nG_ cycle (Landing)

Engine Propellant Requirements ..................

Code: (R) = Required, (V) = Required for vacuum operation, (F) = Useable l_or t:lyback mode

I--] Hydrogen, liquid, 37-40°R - r_ oxygen, Iiquid-,162°R
[--} Hydrogen, liquid, subcooled (25 °R) L--IOxygen, liquid, subcooled
l--] Hydrogen, gaseous i-"1Oxygen, gaseous

]--] Other

Engine Constituent Subsystems

:n.-_ rJ<<e'_, mixer-<iiffuser, eomhustor, exit

Engine General Arrangement and Operating Schematic
COMBUSTOR

,N'.. ;i 'X"--

' --- 1
I -_. / .._,. __FUEL INJECTOR I

F__ _"_TURBOPUMPASSEMBLY
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Engine Internal Operating Parameters, nominal

Pc-RKT = I000 psia, O/F = 7.94

Ws/W p (SLS) - 1.50 (3.00), A4/A 3

Ac/A 3 = 1.83 (2.33)

= I. 59 (Z.00)

Eng. No. 10

Engine

®

®

®

®

Operating Mode Block Diagrams

H

H

/
i- ---I I...I I I I X

t] i c
)

H

0

l , i a C i
, I ,, R ,MD ,,ER I___, , ,] xI El'-I /
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Eng. No. :D

The following information for Engine No. I0

appears in the fact sheets previously given

for E'igine No. 9.

Engine Physical Characteristics

Weight, Thrust/Weight, Flow Areas,

Engine Performance: 0-8000 ft/sec

Specific impulse, Thrust, Airflow,

References and additional remarks

Lengths

Capture Area

UNCLASSIFIED
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ENG. NO. ].o-z

E
i

_I

m

u.
m

(_)
la.l
rl
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........ ::i';ii:_::.,. :,iiil:. "::!" "
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i

i]: . .... . ..... : !| .... • .....
: : ; I':' " ' " ' ;.: : :' " :'-; - :1 .......

200

i00
8.0

I
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i ....

.....
.... _" _ri':i i!:,:_:l ::' ib,.... ,' : ....... : ....... :

,", 'it' Ill ,r',l i_: dIt i _Ii._
:_:i:_iTTF.rTF_Fil ,1! iT ;!h,ll_l' ii',l_Fi'u:, ,!,_ ,TTTTTTT
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FLIGHT VELOCITY, 1000 fps

I I I I I I

2.6 2.8 .3.0 3.2 3.4 3.6

FLIGHT VELOCITY, I000 m/sec
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ENG. NO. !o-z

THRUST

REFERENCE TRAJECTORIES
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ENG. NO. zc-2

THRUST

REFERENCE TR_,JECTORIES
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ENGINE FACT SHEET

Class 0 Composite Launch Vehicle Engines

Engine Identification Number: 11 Supercharged Ejector Ramjet

Engine Operating Modes
Summary: Number of Modes/Transitions_L._ ; Number of Discrete Modes Utilized _,

ModeProgression - Lift-off to Touch-down
, ='ke oI_ J Supercharged air augmented rocket, :_fterturnin_ cycle '12000-_000 _t/sec'_

_amjet, subsonic combustion 16000-8000 ft/see) Rocket (Orbital speed, space

maneuvering _nd deorbitlng) Ramjet, subsonic combustion (Flyback) T:ucted fan
(Fiyback ':nd landing)

Engine Propellant Requirements

Code: (R) = Required, (V) = Required for vacuum operation, (F) = Useable for flyback mode

Hydrogen, liquid, 37-40"R
l-1 Hydrogen, liquid, subcooled (25 OR)
(-] Hydrogen, gaseous

[--]Other

Engine Constituent Subsystems
:ni_, ='_n, rocket, m_..er-dl_user, combustor, exit

IT-]Oxygen, liquid,162°R
F--]Oxygen, liquid, subcooled
IFI Oxygen, gaseous

Engine General Arrangement and

= INLET

Operating Schematic

COMBUSTOR
__t ....

M,X R/O, FOS "-I- -I-

PRIMARY THRUST
CHAMBER ASSEMBLY

,__FUEL INJECTOR

F _PUMP ASSEMBLY
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Engine Internal Operating

AclA3 = I.83 (Z.33)

Parameters, nominal

Eng. No. :-:-

Pc-RKT - I000 psia, O/F = 7.94

Ws/W p (SLS) = 1.85, A4/A 3 -- 1.85

FAN P.R. - 1.3

Engine Operating Mode Block Diagrams

®

®
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A I F R MD C E X
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' , iI I ' RI F , ,

II ! I I I
I. .... j L..___J
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I I
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i I I I

0 L______..l I..... J
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ENGINE

Thrust,

Weight

PHYSICAL CHARACTERISTICS

sis I- 250r000 Ibf

and Thrust/Weight Ratio
Measuring Units i (English)

Weight I Ibm

Thrust/We ight [ Ibf/Ibm

][ ,

II

Eng. No. 11 ..

I,i12r055 newton J

(International)

kg
newton/kg

.Licjhtweight Estimate

Subsystem s:

Fan

Heat Exchanger

Primary Rocket

M ixer/Diffuser

Combustor/Exit

Contingency

Uninstalled Eng. Wt.

Thrust/Weight, Uninst.

Inlet Weight
Installed Eng. Wt.
Thrust/vVeight, Inst.

(Ibf/in 2)

5O

1850

20'93

1147

1-318

47b

0084

41, I!

2765

9849

15.4

Maximum Engice

I00

1850

2093

1295

1725

5II

7474

..33,4

3160

li:terr, al

250
,i

1850

!093

1776

o21

8bbt_:

Z8.8

458Z

10634

344.7

Pressure I000 (r,ewtor/m 2)

1723,7

24 _. 4

520.)

o88. c

llS._

27__7

403

)

1254, l

4407.5

24J

940. 4

587,4

782.5

131.8

L J 19_2

328

1433,4

4823.6

83 a. '

_4,.4

,-_O5. c

I 0',4. 1

2_:.7

::_-t0, :)

-'83

2078, 4

6018.4

Heavyweight Estimate

Uninstalled Eng. Wt.
Thrust/vVeight, Uninst.
Inlet Weight

Installed Eng. Wt.
Thrust/Weight, Inst.

Engine Flow Areas and
Diameters

f.00

_4. g_

11074

18374

I3.6

8969

_.7.9

126.56

Equivalent

24.0

177')8
-) p')_)

8.9

_311.5

53.<.

5013,1

8334, 4

135

Engine Len(

_QoS. 3

474_

_, .0.81

?809, i

114

4747.9

23-3

8075.2

!1801, 0

87

ft 2 ff m 2 m

Inlet Cowl, A c 79. I 10.03 7.35 3_,qa Uninstalled

M ixer, A 3 37.1 6, 87__ 3.45 2_ 09 Inlet (Typ)

Combustor, A 4 69.0 9.37 L 6.41 2.86 Installed (Typ',

Exit, A 6 IIO. O 11.83 10 2Z 3.61

REMARKS, REFERENCES

ths

ft

37.0

56.2

:::,gerch:ried Ejector Rainier Cycle_ airbreathing ;_as o....r__or assumed -':'"f_n

_--=. ?_n s_owe_ for high speed opera_ion. (References _, it, :_, :_)
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ENG. NO. II

SPECIFIC IMPULSE

REFERENCE TRAJECTORIES

E
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I
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ENG. NO. ii

THRUST

REFERENCE TRAJECTORIES

I000

4000[ 800.
__C

r23000

__ / __ 6oo

2oooF
40o

I,--

1 O0 200
Z

O_ 0

0 2.0 4.0 6.0 8.0

FLIGHT VELOCITY, 1000 ftYsec
I I I I I I

0 0.5 1,0 1.5 2.0 2,5

FLIGHT VELOCITY, 1000 m/sec
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ENG. NO. II

CAPTURE AREA

REFERENCE TRAJECTORIES
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ENG. NO. II

AIRFLOW

REFERENCE TRAJECTORIES

0
J

m

<

<

o

4OOO
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200O
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8O0O

6000

" _ 4000

2000
F--
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i _ ii '
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Class 0 Composite Launch Vehicle Engines
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Engine Identification Number. 12 Supercharged EjectorSCRAMJET

Engine Operating Modes
Summary: Number of Modes/Transitions 6 ; Number of Discrete Modes Utilized =_

ModeProgression- Lift-off to Touch-down
(Take off) Supercharged air augmented rocket, afterburning cycle (2000-3000 ft/sec)

Ramjet, subsonic combustion (6000-8000 ft/sec) Ramjet, supersonic combustion

llO,OO0-1h,OO0 ft/see) Rocket (Orbital speed, space maneuvering and deorbiting)

Ramjet, subsonic combustion (Flyback) Ducted fan (Flyback and landing)

Engine Propellant Requirements
Code: (R) = Required, (V) = Required for vacuum operation, (F') = Useable for flyback mode

[] Hydrogen, liquid, 37-40 "R [] Oxygen, liquid,152 °R
r-l Hydrogen, liquid, subcooled (25 =R) I-] Oxygen, liquid, subcooled
[] Hydrogen, gaseous E-]Oxygen, gaseous

I-7 Other

Engine Constituent Subsystems

Inlet, fan, rocket, mixer-diffuser, combustor, exit

Engine General Arrangement and Operating Schematic
COMBUSTOR

=. INLE1 MIXER/DIFFUSER :i= =[="

EXIT

PRIMARY THRUST
CHAMBER ASSEMBLY

L INJECTOR
ASSEMBLY

F TURBOPUMP ASSEMBLY
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Engine Internal Operating Parameters, nominal

P = i000 psia, O/F = 7 94
c -RKT

Ws/W P (SLS) = 1.85, A4/A 3 = 1.85, Ac/A 3 = Z.13

FAN P.R. = 1.3

Eng. No. i2

Engine
H

(3>
A

Operating Mode Block Diagrams

X

0

® H

-_ i '!-_ r .... -, r.... 1
' i ' !I F , 'R, I

Jl i I I I
L .... J L___J

® H
r .... "I r ....
I ' I I

IF ' , R !I !
i I I I
L .... J L_____J

-O
H

0
, F---7 o,'L______--I L .... J I. .... J I--_---- J I. .... -I

X
k
/

H
®

i L___J L_..J I
/

._'_," .
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Eng. No. _,2

The following information for Engine No. IZ

appears in the fact sheets previously given

for Engine No. I I.

Engine Physical Characteristics

Weight, Thrust/Weight, Flow Areas,

]Engine Performance: 0-8000 ft/sec

Specific Impulse, Thrust, Airflow,

References and additional remarks

Lengths

Capture Area

UNCLASSIFIEO
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REFERENCE TRAJECTORIES
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ENG. NO. _
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FLIGHT VELOCITY, 1000 m/sec
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ENG. NO. !2

THRUST

REFERENCE TRAJECTORIES
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O
O
O
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Engine Identification Number: 13 Supercharged Basic Air Augmented Rocket

Engine Operating Modes
Summary. Number of Modes/Transitions _ _ Number of Discrete Modes Utilized 3

Mode Progression - Lift-off to Touch-down
(T_ke off) Supercharged air augmented rocket, simultaneous mixing and burning

cycle (6000-8000 ft/sec) Rocket (Orbital speed, space maneuvering and deorbit-

ing) Ducted fan (F!yback and landing)

Engine Propellant Requirements
Code: (R) = Requited, (V) = Requited for vacuum operation, (F) = Useable for flyback mode

[] Hydrogen, liquid, 37-40"R IT]Oxygen, liquid,162°R
I--] Hydrogen, liquid, subcooled(25 "R) r-I oxygen, liquid, subcooled
[-1 Hydrogen, gaseous [] Oxygen, gaseous

I-1 Other

Engine Constituent Subsystems

Inlet, fan, rocket, mixer-combus_or, exit

Engine General Arrangement and Operating Schematic

_- INLET -IFANI= =_= EXIT'--=
-I -I M IXER/COMBUSTOR /

....

F___ __--_TURBO PUM P ASSEMBLY
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Eng. No. _3

Pc-RKT = i000 psia, O/F,= 7. 937

"vV /W = Z.70, A4/A 3 = 1.00s p
FAN P.R. = 1.3

Engine Operating

H
®

Mode Block Diagrams

X

®

®

0
H

H

0
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I I
I I I
I I

I F _ R tMCIE I E I =
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Eng, No. ,_ -

Thrust,

Weight

sis I 250t000 Ibf

and Thrust/Weight Ratio
Measuring Units i (English)

We ight I Ibm
Thru st/We ight [ Ibf/Ibm

Lightweight Estimate

Subsystems:
Fan

Heat Exchanger
Primary Rocket
M ixer/Diffuser
Combustor/Exit

Contingency
Uninstalled Eng. Wt.

Thrust/Weightt Uninst.
Inlet Weight
Installed Eng. Wt.
Thrust/_Veight, Inst.

(Ibf/in 2) Maximum

50 I00
3450 3450

2_39O

759

151_q

465

2390

1104

!!

Engine h:terr.al

250

3450

2390
1518

I 522 625
8582 o_o1 _[o_9

29.1 27,2 24.2

2765 3160 4582

11347 12351

22.0 20.1

iti12¢055 newton

(International)

kg
newton/kg

Pressure 1000 (r, ewtor/m 2)
1

344.7

1 564, 9

I084, l

344, 3

688.6

210.9

2892.8

285

1254,2

5146,9

216

689.5

1 564, 9

1084.1

500, 8

782.5

236.8

4169.0

267

I433,4

5602.4

IQ8

1723.7

1564. c

I084. I

688, t

lot4.1

lS3.5

4685.2

137

2078,"

6763. c

HeavTweight Estimate

Uninstalled Eng. Wt.

Thrust/Weight, Uninst.
Inlet Weight

Installed Eng. Wt.
ThrusVWeight, Inst.

Engine Flow Areas and
Diameters

Inlet Cowl, A
c

M ixer, A 3

Combustor, A 4

Exit, A 6

REMARKS,

ft 2

79.1

69.0

69.0

110.0

10298

_4.3

11074

11029

22.7

12656

21372

11=7

Equivalent

ft

I0.03

9.57

9.37

II.83

REFERENCES

23685

10.6

12395

20.2

17798

50193

8.3

4671.2

2_

5023.2

9694, 3

115

m2

7_3q

b.41

6.4I

10.22

m

3_n(_

2_86

2.86

Engine Len(

Uninstalled

Inlet (Typ)

Installed (Typ:

_002.8

223

5740.8

10743, 5

104

)
ii

5e22.4

8073.2

ths

ft

15.8

37_I

52.9

136Q5, a;
i -i

SI

Supercharged basic, or simple air augmented rocket. No secondary fuel, bu_

rocket permitted to have variable 0/E ratio as a mechanism %o add fuel for
combustion down %o fuel rich O/F = 4.0 (_ = 2.0). Pressure field effects

included. (References 12, 13_ 17, 18, 19, 21)

m

4, 82

1' %1

I6, I2
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SPECIFIC IMPULSE

REFERENCE TRAJECTORIES

ENG. NO. 13
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ENG. NO. 13
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ENG. NO. 13

CAPTURE AREA

REFERENCE TRAJECTORIES
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ENG. NO. 1_

AIRFLOW

REFERENCE TRAJECTORIES
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ENGINE FACT SHEET

Class 0 Composite Launch Vehicle Engines

Engine Identification Number: 14 Supercharged Basic Air Augmented Rocket- Ramjet

Engine Operating Modes
Summary: Number of Modes/ Transitions_..3 - ; Number of Discrete Modes Utilized

Mode Progression - Lift-off to Touch-down
(T_ke off) Supercharged air augmented rocket, simultaneous mixing and burning

cycle (2000-3000 ft/sec) _amjet, subsonic combustion (6000-8000 ft/sec)

Rccket (Orbital speed, space maneuvering and deorbitin_) Ramjet, subsonic

combustion (Flyback) Ducted fan (Flyback and landing)

Engine Propellant Requirements

Code: (R) = Required, (V) = Required For vacuum operation, (F) = Useable For flyback mode

[] Hydrogen, liquid, 37-40 °R
F--IHydrogen, liquid, subcooled (25 °R)
F-] Hydrogen, gaseous

[-] Other

[] Oxygen, liquid,162°R
F] Oxygen, liquid, subcooled
[] Oxygen, gaseous.

Engine Constituent Subsystems

Inlet, fan, rocket, mixer-combustor

Engine General Arrangement and Operating Schematic

=. INLET _ MIXER/COMBUSTOR =i: EXIT--_
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Engine Internal Operating Parameters, nominal

Pc-RKT = I000 psia, O/F = 7. 937

Ws/W p = Z.70, A4/A 3 = 1.00

FAN P.R. = 1.3
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Eng. No. _-_

Engine Operating Mode Block Diagrams
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Eng. No. 14

Th ru st,

Weight

sis I 250t000 Ibf

and Thrust/Wekjht Ratio
Measuring Units | (English)

We ight | Ibm
Thrust/Weight / Ibf/Ibm

Lightweight Estimate

Subsystems:

Fan

Heat Exchanger

Primary Rocket

M ixer/Diffu ser

Combustor/Exit

Contingency

Uninstalled Eng. Wt.

Thrust/Weight, Uninst.

Inlet Weight

Installed Eng. Wt.

Thrust/_Veight, Inst.

(Ibf/in 2) Maximum

50 100
_450 3450

__43 _0 _

405

8_82

29.1

2765

11 347

22.0

"390

1104

1715

5!2

9191

17.2

_60

12%_I

20.2

Engine

il

II
h:terr.al

250

3450

.'3')0
151S

234c

[0519

24.1

_582

I 4.alI

1.6.8

I¢I12(055 newton ]

(International)

kg
newton/kg

Pressure i000 (r,ewtor/m 2)

344,7

15_4.

I084.

344.

c88.

210.

8892.

28_

I254.

_14b.

_89.5

9 1564_

1 £084.
3 500_

5 781.

9 236.

8 4109.

_n7

Z 1433.

q _602_

198

1723.7

9 1564.9

1 1084.1

8 688_6

5 I064_1

8 283_;

o _685. Z

_37

4 2078.4

4 6763_6

165

Heavyweight Estimate

Uninstalled Eng. Wt.
Thrust/Weight, Uninst.
Inlet Weight
Installed Eng. Wt.
Thrust/Weight, Inst.

Engine Flow Areas
Dameters

ft 2

Inlet Cowl, A
c

M ixer, A 3

Combustor, A4

Exit, A 6

REMARKS,

79.1

69.0

and

10298

24, 3

11074

21 _3J,.

11,7
I

Equivalent

69.0

llO. O

ft

I0.03

9.37

9.37

11.83

REFERENCES

I 1 029

22, 7

12656

23 685

10,6

I2499

ao.a
£7708

30193

8,3

2
m m

7.35 ,3.06

6.41 Z. 86_

A_ 4I 2 RA

I0, 22 3.6!

4A71 2

238

5023. Z

9694-3

115

Engine Lent

Uninstalled

Inlet (Typ)

Installed (Typ)

qon2_A

223

5740.8

10743.5

104

ths

ft

15.8

37.1

}2.9

Rn224

I98

8073_1

13695.5

8I

m

4.8!

II.3I

Sumereharged basic _.iy augmented rocket with secondar'J Fuel

_nd r_.mjet ca.pabilits' (¢ = 1.0)_eferences 12, 13, 15, 19, 21)
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ENG. NO. 1,4
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ENG. NO. 14

THRUST

REFERENCE TRAJECTORIES
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ENG. NO. 14.

CAPTURE AREA

REFERENCE TRAJECTORIES
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ENG. NO. 14

AIRFLOW

REFERENCE TRAJECTORIES
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ENGINE FACT SHEET

Class 0 Composite Launch Vehicle Engines

Engine Identification Number: 15 Supercharged Basic AirAugmented
Rocket- Convertible Ramjet

Engine Operating Modes
Summary: Number of Modes/Transitions 6 i Number of Discrete Modes Utilized 5

ModeProgression - Lift-off to Touch-down

(Take off) Supercharged air augmented rocket, simultaneous mixng and burning

cycle (2000-3000 ft/sec) Ramjet, subsonic combustion (6000-8000 ft/sec) Ramjet

supersonic combustion (10,000-14,000 ft/sec) Rocket (Orbital speed, space

maneuvering and deorbiting) Ramjet, subsonic combustion (Flyback) __ucted fan

(Flyback and landing)

Engine Propellant Requirements
Code" (R) = Requiredt (V) = Required for vacuum operation, (1:3 = Useable for flyback mode

[] Hydrogen, liquid, 37-40"R
["1 Hydrogen, liquid, subcooled (25 *R)
l-I Hydrogen, gaseous

r-I Other

rE]oxygen, liquid,162=R
I-! Oxygen, liquid, subcooled
ITI Oxygen, gaseous

Engine Constituent Subsystems

Inlet, fan, rocket, mixer-combustor

Engine General Arrangement and Operating Schematic

" IN LET =11= M IXER/COM B USTOR

I

/,;:=_. _PRIMARY THRUST

_' L
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Engine Internal Operating Parameters, nominal

Eng. No. z._/.._

Pc-RKT : i000 psia, O/F = 7. 937

W /W = Z.70, A4/A 3 = 1.00, A /A 3 = 1 15s p c "

FAN P.R. = 1.3

Engine Operating Mode Block Diagrams
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Eng.No. __

The following information for Engine No. 1 5

appears in the fact sheets previously given

for Engine No. 14.

Engine Physical Characteristics

Weight, Thrust/Weight, Flow Areas,

Engine Performance: 0-8000 ft/sec

Specific Impulse, Thrust, Airflow,

References and additional remarks

Lengths

Capture Area
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ENG. NO. 15

SPECIFIC IMPULSE
REFERENCE TRAJECTORIES
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15
ENG. NO.

THRUST

REFERENCE TRAJECTORIES
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ENGINE FACT SHEET

Class 0 Composite Launch Vehicle Engines

Engine Identification Number: 16 Supercharged Basic Air Augmented
Rocket- SCRAM JET

Engine Operating Modes
Summary: Number of Modes/ Transitions 5.__._ ; Number of Discrete Modes Utilized

Mode Progression - Lift-off to Touch-down
,"Take off_ Juperchar_ed air augmented rocket," simultaneous mixing and _urnir._

cycl_ ,_2000-3000 ft/secl R_:.mjet, supersonic combustion (i0,000-14,000 ft/sec)

r.u_.<..o ..___al speed, spa.e_ maneuvering and deorbiting) Ram.je_, suoersonie

combustion (F!yback) Ducted fan (F!yback and Landing)

Engine Propellant Requirements
Code: (R) = Required, (V) = Required for vacuum operation, (F) = Useable for flyback mode

Hydrogen, liquid, 37-40°R 1_ Oxygen, liquid,162°R
F-I Hydrogen, liquid, subcooled (25 "R) O Oxygen, liquid, subcooled
[-9 Hydrogen, gaseous FI Oxygen, gaseous

I-] Other

Engine Constituent Subsystems
Inlet, fan, rocket, _xer-combustor

Engine General Arrangement

=- INLET

and Operating Schematic

MIXER/COMBUSTOR/EXlT

PRIMARY THRUST
CHAMBER AND FUEL

INJECTOR ASSEMBLY

RBOPUMP ASSEMBLY
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Engine Internal Operating Parameters, nominal

Eng. No. _.6

P = I000 psia, O/F = 7. 937
c -RKT

W /W = Z. 70, A4/A 3 = 1.00, Ac/A 3 = 1 15s p
FAN P.R. = 1.3

Engine Operating Mode Block Diagrams
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Eng. No. _

The following information for Engine No. 16

appears in the fact sheets previously given

for Engine No. 13.

Engine Physical Characteristics

Weight, Thrust/_Neight, Flow Areas,

Engine Performance: 0-8000 ft/sec

Specific Ir_pulse, Thrust, Airflow,

References and additional remarks

Lengths

Capture Area
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ENG. NO. !_

THRUST

REFERENCE TRAJECTORIES
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NOMENCIATURE

Nomenclature used in this report is given below. The tabulated computer

printout information does not include subscripting as will be noted by the

repetition of certain parameter symbols. Refer to Figare 12 for engine flow

area station designations including the distinction made between A_and Ao

where a vehicle flow field is involved (where there is no flow field these

are identical).

AB

Ag/A 3

A5

A6

A6/A 5

A6/ac

AHX

AO

ACT

BL

CF, CF

H2

HTO

Isp, IS

No, MO

M2

NS

0/F

P2

Pc

PRf

PT2 , PT2

PT2/PTO, PT20-

PTO

Afterburner

Afterburner/Mixer Diffusion Ratio

Engine nozzle throat area, ft2

Engine nozzle exit area, ft2

Exit Nozzle Expansion Area Ratio

Exit to Capture Area Ratio (SCRAMJET)

Inlet capture area for heat exch_ger air flow, ft2

Inlet capture area for secondary air flow, ft 2

Inlet capture area for tota!air flow, f_2

Baseline

Thrust Coefficient based on inlet capture area

Secondary air static enthalpy at mixer entrance, Btu/lb

Ambient Total Enthalpy, Btu/lb

Specific Impulse, lbf/lbm/sec (Net Jet)*

Local Mach Number

Mixer entranceMach number

"Normal Shock"" inlet (Includes Normal Shock losses

plus an assumed 90_ diffuser efficiency.)

Oxidizer/fuel mass flow ratio

Secondary air static pressure at mixer entrance, Btu/lb

Primary chamber pressure, psia

Fan pressure ratio

Inlet recovered total pressure, psia

Inlet total pressure recovery

Ambient total pressure, psia

UNCLASSIFIED
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Ref

SIS

SPC

T

V6

Vo, VO

WFT

WHX

Wp, WP

Ws/Wp, WSWP-

WS, WS

WT

8 -

_ C'lt" -

_ -

_N -

,,% _
_cond

-
_p, PKP

_prec,_ pc -

_sec, PHS

Rocket Mode

Reference

Sea Level, Static Conditions

Specific Fuel or propellant consumption, lbm/hr-lb f

Thrust, lbf (Net Jet)*

Exit velocity, ft/sec

Local velocity, ft/sec

Total fuel or propellant flow rate, lbm/sec

Heat exchanger air flow rate, lbm/sec

Primary flow rate, lbm/sec

Secondary/primary flow ratio

Secondary (WS ÷ WHX), ibm/sec

Total air flow

Two dimensional wedge half angle, deg

Combustion efficiency based on enthalpy rise

Characteristic velocity efficiency based on velocity, or thrust

Inlet kinetic energy process efficiency

Mixing Efficiency based on static pressure rise

Nozzle efficiency based on stream thrust

Combustor equivalence ratio

Condenser equivalence ratio

Heat exchanger equivalence ratio

Primary rocket equivalence ratio

Precooler equivalence ratio

Secondary equivalence ratio

Special Subscripts

FF - Flow Field

FS - Freestream

Net Jet thrust and specific impulse includes air induction inlet

momentum penalty, but does not include external drag such as cowl,

induced, friction, or spillage drag
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